Structural and dynamic studies of MARCKS interaction with PIP(2) containing lipid membranes by Dietrich, Undine
’Structural and dynamic studies of MARCKS
interaction with PIP2 containing lipid membranes
’
Von der Fakulta¨t fu¨r Physik und Geowissenschaften
der Universita¨t Leipzig
genehmigte
DISSERTATION
zur Erlangung des akademischen Grades
Doktor der Naturwissenschaften
Dr. rer. nat.
vorgelegt
von Dipl.-Ing. Undine Dietrich
geboren am 26. November 1961 in Dresden
Gutachter: Prof. Dr. J. A. Ka¨s
Prof. Dr. H. Mo¨hwald
Tag der Verleihung 17. Oktober 2011

Bibliographische Beschreibung
Dietrich, Undine
Structural and dynamic studies of MARCKS interaction with PIP2 containing
lipid membranes
Universita¨t Leipzig, Dissertation
109 S., 118 Lit., 37 Abb., 2 Tab.
Referat
MARCKS-Protein ist in den Signalu¨bertragungsweg der Zelle involviert. Durch
einen Adsorptions-/ Desorptionszyklus mit der Zellmembran reguliert es die Kon-
zentration bestimmter Botenmoleku¨le. Im Rahmen dieser Arbeit wurde untersucht,
inwieweit strukturelle A¨nderungen der Membran, verursacht durch die Membran-
Protein-Wechselwirkung, mit einem Reaktions-Diffusions-System korrelieren.
Die elektrostatische Wechselwirkung von MARCKS-Protein mit negativ gelade-
nen Membranlipiden geschieht an der inneren Seite der Zellmembran. Als Mo-
dellsystem la¨sst sich dies mit einer monomolekularen Lipidschicht an der Wasser-
Luft-Grenzfla¨che realisieren. Anhand von oberfla¨chensensitiven Messungen konn-
te gezeigt werden, dass die Wechselwirkung von MARCKS mit negativ geladenen
Membranlipiden und damit die Adsorption an der Membran, zu einer A¨nderung
der Membrantopologie fu¨hrt. Damit verbundenen ist auch der partielle Einbau von
MARCKS in die Membran, was zu einem gro¨ßeren molekularen Fla¨chenbedarf
fu¨hrt. Dieser korreliert mit dem Anstieg des lateralen Drucks der Lipidmonoschicht
bei konstanter Fla¨che. Die Desorption von MARCKS kann durch die Wechsel-
wirkung mit PKC induziert werden, detektierbar durch die Reduktion des lateralen
Drucks. Bei Vorhandensein eines Reservoirs an MARCKS und PKC oszilliert der
laterale Druck, was als zyklische Adsorption und Desorption von MARCKS an bzw.
von der Lipidschicht interpretiert wird. Anhand der experimentellen Ergebnisse
wurde ein mathematisches Modell entwickelt, dass dieses oszillierende Verhalten
als ein Reaktions-Diffusions-System erkla¨rt.
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Chapter 1
Introduction
Membranes form compartment borders of cells and cell organelles (fig. 1.1). They
play a central role in structure and function of all cells and thus they inhere within an
important part of living processes. Membranes not only define compartments, they
also determine the nature of all communication between the inside and the outside.
This can happen by the passage of ions or molecules through the membrane or by
the transmission of information by conformational changes induced in membrane
components.
Figure 1.1: Left: Fluorescence microscopic picture of mouse fibroblasts taken using a Leica CLSM
in dual channel mode, the mark labels the outer cell membrane - Right: Sketch of an eukaryotic cell
with an outline of the cell membrane [www.chemgapedia.de].
Furthermore, many cellular enzymes are attached to membranes. These en-
zymes account for different processes. Some enzymes catalyze transmembrane
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processes, others are involved in sequential reactions concentrated in the plane of
the membrane and once again others have membrane-bound substrates and can be
involved in maintenance or biosynthesis of the membrane [1]. At all these reac-
tions described above, it is disregarded that the formation of membranes is not only
chemically or kinetically determined but also by processes which are the object of
liquid crystal physics.
The work presented here, shows that physics play a central role in the signal
transduction within the membrane based on electrostatic interactions associated
with occurring of non-linear dynamics.
1.1 A reflection about cell membranes
Generally within the cell membrane, not only transport mechanisms exist but also
chemical reactions do so. Thus, the membrane is an important cellular reaction
space and features regulating functions in the cellular signal transduction. The
principal constituents of a cell membrane are lipids and proteins. Although, the
lipid molecules in the membrane are more or less ordered, the membrane has no
rigid structure at physiological temperature - it is in a liquid-crystalline state. This
fluid state enables the diffusion of membrane molecules or compartments within
the membrane interface [2]. Hence, the chemical reactions at the cell membrane
and the ability of membrane molecules or compartments to diffuse, should result in
reaction-diffusion processes. Based on specific molecular interactions, spacial and
temporal pattern formation could be observed.
Such pattern formation is already known in chemistry, for the first time formu-
lated by A. Turing (1952) [3]. His mathematical theory constitutes the basis for
the theory of dissipative structures. In biology, non-linear pattern formation gets an
increasing interest, since not all life processes can be explained by genetical organi-
zation. It arises that the cell-cell cognition and in particular mechanical forces can
govern the differentiation and spatial organization of the cells. So, the epigenetics
and the self organization of the cell obtain priority. Hereby, one of the prominent
example processes is the myristoyl-electrostatic switch (ME-switch). It is build by
specific interaction between MARCKS protein, present in the cell interior, and the
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acidic membrane lipid phosphatidylinositol. Induced by specific enzymes, MAR-
CKS protein can attach to and detach from the membrane and carry out a regulating
function, involved in the signal transduction of the cell [4].
1.2 Scope of this work
MARCKS protein acts as a molecular switch at the membrane interface [4]. A de-
tailed knowledge of this mechanism is of broad interest, since this switch regulates
the level of dedicated intracellular messengers. The interaction of MARCKS pro-
tein at the membrane interface was already studied with different methods. On the
one hand, the behavior of fluorescence marked or spin-labeled protein or its deriva-
tives was investigated in cells [5] or in phospholipid vesicles [6–9]. On the other
hand, the behavior of fluorescence or spin-labeled phospholipids was investigated
in vesicles depending on the presence of MARCKS protein or its derivatives [9, 10].
These studies were carried out at a designed state of the lipid membrane - like
a static state. However, the switch function of MARCKS protein due to the attach-
ment and detachment is a dynamic process and should alter the membrane structure
in a periodical manner. This work tries to find an access to this dynamic process.
The foundation for this is a mathematical model wherein the molecular interac-
tions between proteins and lipids are crucial for pattern formation in the membrane
[11]. This model predicts a coupling between protein-induced phase separation and
reaction-diffusion processes.
In the model, it was chosen as biologically important and well-documented ex-
ample, the family of GMC proteins (GAP43, MARCKS, CAP23) [5, 12], whose
interactions with acidic lipids are regulated by PKC. These proteins undergo a cy-
cle of phosphorylation and dephosphorylation, associated with an attachment and
detachment from the membrane driven by PKC activity and the presence of ATP
[13]. Furthermore they interact with acidic lipids and induce a phase separation in
mixed lipid membranes [5]. It is assumed that a global constant lipid composition
and the redistribution of lipids occurs only due to the interaction with the proteins.
At the same time the GMC proteins consist of three states: unphosphorylated mem-
brane bound, unphosphorylated cytosolic, and phosphorylated cytosolic. There is
7
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a permanent protein flux due to the phosphorylation/dephosphorylation in the cell.
In the model, the PKC activity and the strength of the protein-lipid interaction were
analyzed as control parameter. At a low PKC activity a phase separation was ob-
served due to lipid-protein interaction. The phase separation proceeds via formation
of two-dimensional patterns, where membrane bound proteins and acidic lipids co-
localize in domains in a submicrometer range. This regime of membrane pattern
formation is a very slow relaxation process into the equilibrium. At a higher PKC
activity the system is far from the thermodynamic equilibrium and as result trav-
elling lipid domains were found on a large spatial range of several 10 µm, which
develop on a time scale of the order of a few minutes and travel with velocities up
to 0.2 µm s−1 [11].
Scope of the present work is the validation of this theoretical modeling by
means of suitable experiments. A well established method to investigate such two-
dimensional systems is the Langmuir monolayer technics, which permits a direct
inside in the lateral organization of lipids. Although monolayers are unphysiologi-
cal systems - their simplicity permits the access to particular processes. Moreover,
more detailed structural information on a molecular level can be obtained, which is
currently non-accessible under physiological conditions.
This work investigates the interaction of MARCKS peptide with mixed mono-
layers containing anionic phospholipids, more precisely with the negatively charged
phosphatidylinositol PIP2, which plays an important role in signal transduction pro-
cesses. Investigations about the domain formation of lipids depending on the pres-
ence of MARCKS (151-175) were carried out as an initial step. The changes in
the structural arrangement of PIP2 in the monolayer were analyzed in more detail
by means of x-ray and neutron scattering technics. On this way, structural changes
of the anionic lipid perpendicular to the surface upon peptide binding could be ob-
served. Structure and position show a clear dependency on the presence of MAR-
CKS peptide. So it could be shown, that this conformation constitutes the precon-
dition for the peptide/lipid interaction.
This interaction is attended with a significant increase of the lateral pressure
of the monolayer. Vice versa, the lateral pressure should decrease in case of de-
tachment of MARCKS peptide from the monolayer. These both sequences, which
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reflect the regulative function of MARCKS, were simulated in monolayer experi-
ments. The introduction of PKC into the subphase induced a cyclic translocation of
peptide, which was detected by an oscillating behavior of the lateral pressure of the
monolayer. As result of these experiments it was possible to develop - in coopera-
tion with S. Alonso and M. Ba¨r - a mathematical formulation of a reaction-diffusion
model. This model predicts oscillations with large temporal periods. These low fre-
quency oscillations may help to regulate some of the processes controlled by the
cellular membrane. While many cellular clocks involve gene expression, the sim-
ple chemical oscillations observed here may serve as a local clock within the cell
membrane.
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Background
Cell and cell organelles are enclosed by membranes to separate reaction spaces from
each other. However these plasma membrane has more functions than the wrapping.
It is itself one of the most important cell organelles - a very complex and dynamic
structure, which regulates the interactions between the cell and their environment.
This is possible due to their architecture, which is based on two types of molecular
components - lipids and proteins [14].
2.1 Function of biological membranes
Initially, membranes fulfill a barrier function to delimit the exchange of water sol-
uble substances (ions, sugar, amino acids etc.) between the cytoplasm and the ex-
tracellular space. More important as this passive barrier feature is the fact, that
specific transport proteins are embedded in the membrane to regulate the selective
passage of physiologic important compounds [2]. Apart from this direct passage
trough the membrane, there exist numerous vesicular transport mechanisms. This
membrane traffic can be regarded in two parts - the endocytic and the exocytotic
pathway. The endocytosis refers to the internalization of extracellular fluid and
particles by enveloping membranes and the exocytosis concerns the processing and
delivery of synthesized proteins and lipids for secretion or incorporation into plasma
membranes [1]. Most of these essential mechanisms are triggered by numerous in-
teractions between lipids and proteins in and at the biological membrane. Typically,
10
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one receptor protein on the membrane surface transforms an extracellular signal into
an intracellular signal and starts so - due to dedicated interactions - a signal cascade,
which transfers the signal into the cell interior. Thereby an amplification of the sig-
nal occurs as well as a distribution to several intracellular targets (e.g. regulation
of cell metabolism, regulation of gene expression, changes in cytoskeleton) [15].
This diversity of biological membranes and their relevance to biological functions
motivate to study the relation between their structure, properties and functionality
on a broad front.
2.2 Composition of membranes
Biological membranes are highly organized aggregates of lipids, proteins and car-
bohydrates [16, 17]. The last one are bound typically at lipids or proteins. The
relation of lipid and protein vary significantly between 4:1 and 1:4, depending on
the membrane function [1]. The membrane lipids are composed by a number of dif-
ferent amphiphilic molecules like phospholipids, glycolipids and cholesterol. The
phospholipids build the most important part of biological membranes. Mostly, they
+
-
-
H3C(CH2)nCOO-CH2
H3C(CH2)mCOO-CH
CH2 O P O
O
O
R
R: -CH2CH2N(CH3)3
-CH2-CH-COO
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Figure 2.1: Structures of phospholipids. The classification results from the headgroup structure.
Most of the lipids are zwitterionic (e.g (a) choline and (b) ethanolamine) or negatively charged (e.g.
(c) serine) [16].
consist of a glycerol backbone (in some cases this is a sphingosine backbone), which
is esterified with a phosphate containing headgroup and two fatty acids (fig. 2.1).
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2.2.1 Self-organization of lipids in aqueous environment
Based on their amphiphilic character, lipids build superlattices in an aqueous envi-
ronment [16]. Depending on temperature and structural factors like the character of
the headgoup and the acyl chain length, a collective of phospholipids incorporates
certain amounts of water. Due to their amphiphilic character, the hydrophilic head-
groups are arranged in a closed area and the hydrophobic chains are separated from
water. Depending on water content and lipid structure, a diversity of supramolec-
ular forms of organization can be build, distributed in aqueous phase (fig. 2.2).
These show typical liquid crystalline properties. They flow like fluids and possess
Figure 2.2: Shape of lipid aggregates. The ratio between the size of the hydrophilic and the hy-
drophobic part as well as the nature of the solvent determine the different forms: micellar rods (A),
micelles (B), bilayers (C), vesicles (D), and inverted aggregates (E) [www-vcbio.sci.kun.nl].
elastic properties like solids [18]. The acyl chains are arranged parallel to each
other which leads to anisotropic properties. The variation of the lipid/water relation
induces phase transitions - a typical attribute for lyotropic liquid crystals.
2.2.2 The hydrophobic interaction
The self-organization and the stability of cell membranes is determined by the so-
called hydrophobic interaction. In the nature, lipids aggregate spontaneously to
closed bilayers. The formation of these lipid bilayers is caused by the hydrophobic
12
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interaction. This describes the fact, that the acyl chains of the lipids avoid the con-
tact with water which leads to the self-aggregation of lipid molecules. Hydrophobic
compounds are well soluble in nonpolar solvents like chloroform or methanol, and
in contrast very little soluble in polar solvents like water. The concentration of lipid
monomers in water is extremely low since almost all lipid molecules are aggregated
in certain structures depending on their aqueous environment [2, 19].
The hydrophobic effect is in principle an entropic effect arising from the hydro-
gen bond structure of water. When a hydrocarbon molecule is dissolved in water,
the strong hydrogen bonds between the water molecules are not disrupted, but have
to be distorted. This causes the formation of a clathrate-type structure of the wa-
ter molecules around the hydrocarbon molecule to preserve the hydrogen bonding
(illustrated in fig. 2.3).
The formation of a cage of solvent molecules around a hydrophobic molecule
is attended by the formation of new hydrogen bonds. The formation of many small
solvent cages causes, due to the higher order state of the water molecules, a strong
decrease of the entropy of the system. When many dissolved molecules cohere,
fewer (but also larger) cages are necessary and more solvent molecules remain
freely movable. Thus, the formation of larger clusters of hydrophobic molecules
Figure 2.3: Schematic illustration of the formation of a clathrate structure by water molecules sur-
rounding a hydrophobic molecule [web.virginia.edu/Heidi/chapter2].
leads again to a decrease of the order state of the water molecules and therewith
to an increase of the entropy of the system. If the increase of the entropy is large
enough, the cohesion of the hydrophobic molecules in the polar solvent is a sponta-
neous process. The increase of the entropy results from the less structural require-
13
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ment for the solvent due to the cohesion of the dissolved hydrophobic molecules.
This is the reason for the hydrophobic interaction, which the clusters of hydropho-
bic molecules stabilize. Thus, a higher order state of the acyl chains arising, caused
by a higher disorder of the surrounding water molecules. The hydrophobic inter-
action coerces the lipid molecules to the formation of a double layer membrane, at
which the hydrocarbon chains are pushed into the inner core of the membrane and
only the polar head groups are in contact with water [2, 20, 21].
The hydrophobic interaction plays also a role by the formation of protein struc-
tures in water. The hydrophobic amino acids build the inner core of the protein while
the charged (and generally hydrophilic) amino acids are predominantly located at
the protein surface and therefore they are accessible for lipid/protein interactions at
the membrane interface.
2.2.3 Arrangement of biological membranes
In biological membranes, the phospholipids are arranged in a lipid bilayer, consist-
ing of two opposite monomolecular lipid layers (monolayer), illustrated in fig. 2.4.
There are also further lipophilic substances like cholesterol, embedded in the mono-
layers. The membranes are arranged asymmetrically , i.e. the composition of both
monolayers is not identical - adequate to the different requirements on the inner and
the outer side of the cell.
Furthermore, in the bilayer intrinsic membrane proteins are embedded, which
are sterically orientated by the membrane, and peripheral proteins with a superfi-
cially bond at the membrane. The proteins are the biochemically active components
of the membrane. They provide the diversity of enzymes, transporters, receptors,
pores, etc. which distinguishes each particular membrane [1].
On the outside of most of the cell membranes, there exist additionally a polymer
network of carbohydrates and protein components (extra cellular matrix, glycoca-
lyx). This network is important e.g. for the cell cognition and the cell anchoring in
tissue. On the inside of the cell membrane, the polymer network of the cytoskeleton
is bonded due to lipid protein interactions. Therewith it plays a role due to mechan-
ical stabilization of the membrane and the localization of proteins [2, 23, 24].
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Figure 2.4: Schematic illustration of the cell membrane [22].
Characteristic of the lipid bilayers is their high fluidity. Based on this fact, the
membrane proteins can freely move in the membrane layer. The unhindered lateral
diffusion is crucial for several membrane functions. However, the diffusion can be
restricted due to interactions between the membrane proteins and other components
inside and outside of the membrane. Dedicated molecules bind to membrane pro-
teins and thereby can change the movement pattern with functional consequences
[14].
2.3 Lipid protein interaction
The interaction between phospholipids and proteins plays an important role in many
biological processes. The intrinsic membrane proteins, orientated by the membrane,
basically act as ion channels or carrier proteins for specific transport of dedicated
compounds form the inside to the outside and vice versa. They also serve as re-
ceptor proteins and transferring external signals into the cell interior. Due to the
association of these proteins with other membrane proteins or with elements of the
15
2. Background
cytoskeleton or the extracellular matrix, their lateral diffusion is likely hindered [1].
Peripheral membrane proteins mostly attach to lipid headgroups (or other intrin-
sic proteins). A couple of membrane associated proteins contain covalently bound
lipids (outside) as well as hydrocarbon chains (inside) causing anchoring in the
membrane. The attachment of peripheral proteins at the cytoplasmic side plays a
crucial role in intracellular signal transduction or the vesicular transport processes
[15]. Various peripheral proteins bind via dedicated domains in their amino acid
sequence at special lipids in the membrane. The chemical structure of the amino
acids defines the interaction between proteins and membrane. The translocation of
peripheral proteins at the cell membrane leads to an increase of their local concen-
tration up to 1000-fold. Thus, the proteins can specific interact with other membrane
bond or integrated molecules [4, 25, 26].
One example for that is the protein kinase C (PKC). PKC only binds with their
C1 and C2 domain at membrane regions with an effective higher concentration of its
membrane associated substrate - the myristoylated alanine-rich C kinase substrate
(MARCKS) [27–29]. The MARCKS protein forms in many cell types the major
substrate of PKC [12, 30, 31]. It is anchored in the membrane with a myristoyl
chain at the N-terminal side of the protein and binds at the membrane via its effector
domain, consisting of 25 amino acids [4].
Figure 2.5: A proposed role of MARCKS protein in a stimulated exocytosis [32].
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The knowledge of this bond of MARCKS protein is of high biological interest,
since it is playing an outstanding role in signal transduction processes, shown ex-
emplarily in fig. 2.5. This protein is found in a high concentration in the cell, but its
physiological function is not yet completely understood [12, 30, 33]. It is assumed
that MARCKS binds with high affinity at phosphatidylinositol 4,5 - bisphosphate
(PIP2) and thus induces a local enrichment of this lipid in the plasma membrane
[34–37].
PIP2, exclusively present on the inner surface of the plasma membrane [5, 38],
plays a central role in the signal transduction in the cell [39, 40]. The hydrol-
ysis of PIP2 due to phospholipase C (PLC) leads to the formation of two im-
portant intracellular second messengers - the inositol 1,4,5 - trisphosphate (IP3)
and the diacylglycerol (DAG). IP3 diffuses into the cytosol and stimulates the re-
lease of Ca2+ ions from the endoplasmic reticulum, whereas DAG remains in the
plasma membrane and activates PKC. The bond of MARCKS inhibits the PLC
hydrolysis of PIP2, since it blocks the binding sites of the enzyme in the mem-
brane (PIP2). The phosphorylation of MARCKS by activated protein kinases or the
bind of Ca2+/calmodulin reduces the electrostatic attraction between protein and
membrane and leads consequently to the desorption of MARCKS. Thus, the PIP2
molecules can diffuse freely again and are available for PLC hydrolysis once again
[41–43].
2.4 The myristoyl - electrostatic switch
As already mentioned, the interaction between proteins and membrane lipids leads
to cell functions like regulation of the cell cycle, signal transduction processes or
membrane associated transports.
The relatively weak bond of proteins with electrostatic neutral lipids implies,
that the hydrophobic interaction only account for a small contribution to this inter-
action [44]. Primarily, the interaction is based on electrostatic interactions between
charged membrane lipids and proteins [1, 15].
17
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2.4.1 The phosphoinositol pathway
In this regard, the phosphoinositides represent an important species of membrane
lipids. They have a great physiological importance due to their direct involvement
in signal transduction processes. The phosphoinositide metabolism leads to the
formation of second messenger molecules, transferring extracellular signals, which
are initiated by the bond of hormones or growth factors on the outer cell membrane,
into the cell interior. A sketch of the phosphoinositide metabolism is shown in fig.
2.6.
The activation of a G protein leads to the stimulation of a specific phospholipase
C (PLC). This phospholipase splits the bond between the phosphodiester group and
the glycerol of PIP2. Thereby, two second messenger molecules are generated: the
inositol 1,4,5 - trisphosphate (IP3) and diacylglycerol (DAG). Both molecules play
a significant role in the signal transduction in the cell interior. IP3 leaves the cell
membrane, diffuses through the cytosol to the endoplasmatic reticulum (ER) and
GTP
P
P
P
P
P
P
Ca2+
signalizing molecule
G protein
coupled receptor
activated
G protein
 subunit
      activated 
phospholipase C
phosphatidylinositol diacylglycerol
protein kinase C
open
Ca2+channel
       inositol 1,4,5
        triphosphat
             (IP3)
endoplasmatic
   reticulum
Figure 2.6: Signal pathway of phosphatidyl inositol, according to [15].
stimulates the release of Ca2+ molecules. This leads to an abrupt increase of the -
normally low - cytosolic concentration of free Ca2+. DAG remains in the membrane
and activates in presence of phosphatidylserine and calcium ions the protein kinase
18
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C (PKC), which leads to the phosphorylation of substrate proteins. Finally, these
phosphorylations are responsible for the most of the calcium depending replies of
the cell [15, 39, 41].
2.4.2 The MARCKS / PIP2 interaction
The signal pathway of phosphatidylinositol, which leads to the release of Ca2+ from
the ER into the cytosol, exists in almost all eukariotic cells and influences many
different target proteins like calmodulin (CaM) as well as the PKC mentioned above
[15].
The temporary increase of the intracellular Ca2+ concentration leads to the ac-
tivation of calmodulin. The Ca2+/calmodulin (Ca/CaM) initiates the desorption of
MARCKS from the plasma membrane, reported by calmodulin/MARCKS com-
plexes in the cytosol of some cells [45, 46].
Mutually exclusive to the CaM pathway is the desorption due to phosphoryla-
tion of MARCKS by PKC. Three negatively charged phosphates intrude into the
effector domain of MARCKS, which leads to a weakening of the electrostatic inter-
action with the acidic membrane lipids and followed by desorption from the plasma
membrane. The dephosphorylation of MARCKS in the cytosol by phosphatases en-
ables an anew adsorption at the membrane - on this way MARCKS cycles onto and
off the cell membrane [4, 13, 47]. This mechanism - the so-called myristoylated
electrostatic switch - is sketched in fig. 2.7.
The MARCKS protein consists of three distinct regions. The first one is the
N-terminus, which locates and anchors the protein in the cell membrane. It con-
sists of a C14 saturated fatty acid chain, the myristoyl rest. An other region is the
MH2 domain at the opposite site, whose function is until now widely unknown.
Finally, there is the phosphorylation site domain, which constitutes the functional
group of MARCKS protein. This domain is responsible for most of the known
MARCKS/lipid interactions and is therefore called the effector domain (ED).
The bond of the effector domain at the membrane bases on non-specific elec-
trostatic interactions with acidic membrane lipids, in particular with PIP2. There
are 25 amino acids in the effector domain. Therein is a cluster of 13 positively
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Figure 2.7: The myristoyl - electrostatic switch. Due to phosphorylation by PKC, the MARCKS
effector domain detaches from the membrane and diffuses into the cytosol. Its dephosphorylation
caused by phosphatases in the cytosol enables the MARCKS effector domain to do an anew attach-
ment to the membrane and the cycle can start again.
charged amino acids (lysine, arginine) which interacts with the negatively charged
membrane lipids. This electrostatic interaction is regulated by the surface poten-
tial of the phosphoinositide containing membrane [4, 30, 42, 46]. Additional to
this electrostatic interaction, five aromatic phenylalanine residues penetrate into the
acyl chain layer of the lipid membrane due to their hydrophobic character. The
phosphorylation site is realized by three serine residues. PKC attaches negatively
charged phosphate groups to the serine residues. The neutralization of the positive
charges of the basic residues by the phosphoserine residues abolishes the electro-
static contribution of the effector domain to the membrane binding. Therefore, the
ED diffuses into the cytosol and the protein bond at the membrane is only given by
the myristoyl anchor. Due to dephosphorylation of the phosphoserine residues in
the cytosol by protein phosphatase 1, protein phosphatase 2A or calcineurin, MAR-
CKS returns to the membrane [47, 48].
In order to regulate different signal transduction pathways (one Ca2+ signal
induce many biological processes and therefore plays an important role as an in-
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tracellular messenger [15]), the availability of PIP2 has to be regulated. Hereby,
the attachment/detachment cycle of MARCKS can regulate the local availability of
PIP2 [5, 44, 49]. It was found that MARCKS co-localized with F-actin in blebs,
ruffles and lamellopodia [50]. Likewise it was found a concentration of PIP2 in
ruffles [51] and in phagosomes [52], where it co-localized with MARCKS. By im-
munofluorescence measurements, the co-localization of MARCKS with PIP2 could
be demonstrated in fixed cells [5].
This co-localization is primarily realized due to the strong electrostatic interac-
tion of the MARCKS ED with PIP2. Thus, it is quite reasonable for further detailed
studies of this interaction to resort to a peptide, containing an amino acid sequence
analogous to the MARCKS effector domain, the MARCKS (151-175). With a vari-
ety of techniques it was found, that this peptide can mimic entirely the electrostatic
interaction of the MARCKS protein [44, 46, 49, 53–55]. Therefore, the following
investigations were carry out at mixed monolayers, containing PIP2 and MARCKS
(151-175) as interaction partner.
2.4.3 Pattern formation in biological membranes
As described in the foregoing chapter, MARCKS protein interacts selectively with
PIP2. Hereby, one protein can bind three to four PIP2 molecules [49], which in-
duces the formation of MARCKS/PIP2 domains. There are many of such selective
interactions between proteins and lipids within the cell membrane, which result in
phase separation into different lipid microdomains. This phase separation has been
used as an explanation for the domain formation in in vitro lipid systems [56, 57]
and for the appearance of condensed lipid rafts, which act as signalling platforms
in living cells [58]. Both lipid/lipid interactions and lipid/protein interactions have
been observed in model membranes and theoretical approaches usually beginning
from the free energy of a homogeneous lipid mixture and proceeding to determine
the regions of phase separation [59].
Beside this phase separation, dynamic structures in single cells could be ob-
served experimentally as calcium waves [60] or intracellular protein oscillations
in Escherichia coli [61, 62]. These experimental results have been modelled as
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reaction-diffusion patterns [63–66], with the assumption of a spatial homogeneous
lipid composition of the cell membrane.
Reaction-diffusion systems have been already known in chemistry. Formulated
by A. Turing (1952), the combination of non-linear chemical reactions and diffu-
sion processes leads to non-linear dynamics within a system. This reaction diffusion
systems are important for the constitution of spontaneous structures and patterns
[3]. Continuative, a mathematical model was developed wherein the molecular in-
teractions between proteins and lipids are crucial for pattern formation in the cell
membrane [11]. This interaction couples the lipid’s dynamic to proteins on the
membrane and in the cytosol, which is regulated by signalling molecules. The cou-
pling between protein-induced phase separation and reaction-diffusion processes in
the cytosol can give rise to spatio-temporal patterns with different length and time
scales and allows a dynamical regulation of membrane patterns.
22
Chapter 3
Methods
The self-organization of lipids to the plasma membrane [15] was an important step
during the development of the most earliest life. Cellular life would not be possible
without a protective cover. Hereby, the basic structure is the lipid bilayer and the
membrane anchored proteins are responsible for the membrane functions. There-
fore, the cell membrane has a very complex structure so the study of particular
biological processes is difficult. Thus, it is advantageous to choose a model, which
can be reduced to a few adjustable parameters. For this purpose, a well established
method is the investigation of lipid monolayers at the air/water interface and their
interaction with substances like proteins, dissolved in the water phase. Lipid mono-
layers count as a simple model of a cell membrane and are good accessible for
surface sensitive methods.
3.1 Film balance measurements
Monomolecular layers, also called Langmuir films, are quasi two-dimensional layer
systems, which are one molecule thick. These monolayers are generated by spread-
ing of lipid solutions onto a water surface, whereby the two-dimensional lipid phase
is formed due to the trend of self-organization of the molecules [16]. The polar
headgroups of the amphiphilic molecules orientate into the aqueous subphase and
the nonpolar part is directed into the air. This corresponds formally to the inner
leaflet of a cell membrane.
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The molecular density of this layer depends on the lateral pressure. By means
of movable barriers, the available area per molecule on the water surface can be
changed and thus the behavior of the compressibility of the monolayer can be ob-
tained [67]. At this, the lateral pressure pi is the difference of the surface tension γ0
of the pure subphase and the monolayer covered surface γ: pi = γ0 − γ [2]. Figure
3.1 shows here a schematic description of this experiment. While these experiments
are carried out at constant temperature, the recorded curve is an isotherm.
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Figure 3.1: Schematic illustration of a pi/A isotherm of a lipid with two acyl chains; in the upper
part the principle assembly of the experiment.
In the gas analogous phase, the lipid molecules are disordered with negligible
interaction between the amphiphiles. With decrease of the surface, the lipids pass
into the liquid expanded phase. A short-range-order between the amphiphiles be-
comes noticeable with increase of the lateral pressure. Due to further decrease of
the area, the liquid expanded phase transforms into the liquid condensed phase at
24
3.2. Fluorescence microscopy
constant surface pressure. This corresponds to a first order phase transition. In this
region, the acyl chains of the lipids begin to crystallize two-dimensionally. That
means, there are solid analogous domains in a liquid analogous matrix. A further
increase of the surface pressure leads to a continuous transition from the liquid con-
densed to the solid analogous phase with a very small compressibility [68].
The progress of the isotherms strongly depends on the structure of the lipids.
Thus, the pressure/area isotherms allows statements about the orientation, the mo-
bility and also about the interaction with substances, dissolved in the subphase.
Hereby, the thermodynamic parameters pressure and temperature are adjustable and
other environmental parameters like the pH value of the subphase as well. However,
the comparison of the phase state in a monolayer with the bilayer in the volume
phase is of substantial interest, because the appropriate surface pressure plays a
crucial role in considerations of the corresponding states of phospholipid bilayers
and monolayers. A comparison of the phase transitions in the mono- and the bilayer
systems shows the best conformance of bilayers with monolayers at a lateral pres-
sure of 30 mNm−1 [69]. The integration of amphiphiles in monolayers at a lateral
pressure of 30.7 - 32.5 mNm−1 matches most closely to the results of experiments
with bilayers [70].
Lipid monolayers account for a special importance for the characterization of
the lipid membrane/protein interaction. They provide the possibility to study the
lipid/protein interaction depending on dedicated adjustable parameters. These in-
teraction depends e. g. on the force of the lipid/protein interaction, the presence
of ions in the subphase, the charge of the lipid headgroups and the length of the
acyl chains and their saturation level as well. So, the adsorption of peptides at lipid
monolayers at the air/water interface under particular conditions can be studied.
3.2 Fluorescence microscopy
The phase separation of monolayers can be visualized by means of fluorescence
microscopy. Hereby, a fluorescent amphiphilic is integrated into the monolayer,
which is illuminated with light of a wavelength within the absorption band of the
fluorescent dye. The emitted fluorescence light is observed through appropriate
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optical filters. Due to the different solubility of the fluorescent component in the
different phases, coexistent phases can be observed [67].
Figure 3.2: Phase behavior of a lipid monolayer, visible by fluorescent amphiphilic. In the liquid ex-
panded phase, the dye is homogeneously distributed in the monolayer. In the phase transition range,
dark liquid condensed domains coexist in a bright liquid expanded matrix. The liquid condensed
phase appears almost completely dark.
In the liquid expanded phase, the fluorescence is homogeneously distributed in
the entire field of observation. With compression of the lipid monolayer into the
coexistence range between liquid expanded and liquid condensed, dark non flu-
orescent domains are formed (condensed) in a bright fluorescent matrix (liquid).
The fluorescence dye is only negligibly integrated in the crystalline areas, whereby
the condensed domains appear dark. The shape of these dark areas, the domains,
depends on the nature of the lipid and is determined by molecular interaction [71].
Figure 3.2 shows an example of fluorescence micrographs depend on the phase state
of the lipid.
The combination of a Langmuir trough with a fluorescence microscope permits
also to observe the processes at or on a lipid monolayer by means of fluorescent
amphiphiles as sensor. On this way, the lateral order of monolayers on a micro-
meter scale can be investigated depending on the mixture and the interaction with
components of the subphase.
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3.3 Scattering experiments
X-ray and neutron scattering techniques are widely used to elucidate the static and
dynamic structure of biologically relevant membranes. X-ray as electromagnetic
radiation, are primarily scattered by electrons and the intensity of the scattered ra-
diation increases with the atomic number. Neutrons are elementary particles, scat-
tered by their interaction with atomic nuclei, whereby its scattering depending on
the nucleus’ mass, spin and energy level.
In terms of structural biology, x-ray and neutron scattering techniques comple-
ment crystallographic studies. In addition, with both techniques, surface sensitive
scattering methods have been developed to characterize the structures of materi-
als on solid and liquid planar surfaces. Hereby, the most common practice is the
specular reflectivity, which is capable to determine a one-dimensional electron den-
sity profile normal to the interface [72, 73]. Here, this method is used to provide
information on a molecular level about monolayers on the air/water interface.
3.3.1 Specular x-ray reflectivity (XR)
Specular reflectivity measurements are used to determine the electron density dis-
tribution along the surface normal. These measurements are not limited to highly
ordered systems - they provide also information on less ordered systems like molec-
ular subfragments in the lipid headgroups. So, the reflectivity measurement is suit-
able for probing the structure of the headgroups of lipid monolayers on a submolec-
ular level [72].
The principle of the specular reflectivity is sketched in figure 3.3. The inci-
dent and reflected angles are the same, αi = αr = α, and the scattering vector re-
sults from subtraction of the wave vectors: ~qz = ~ki − ~kr, k = 2pi/λ. The reflectivity
R(qz) depends on the angle of incidence (for small angle measurements typically
0 ≤ α ≤ 5◦) - with this one can calculate the electron density profile ρz across the
interface using a fitting procedure.
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Figure 3.3: Principle of the specular x-ray reflectivity, according to [74].
The reflectivity of Langmuir monolayers will be calculated with the so-called
“master formula” [74]:
R(qz) = RF (qz)
∣∣∣∣ 1ρ∞
∫
dρ
dz
eiq
′
zzdz
∣∣∣∣2 (3.1)
Here, the refraction corrected scattering vector q′z = (4pi/λ) sin(α
′) has to be
used, according to Snell’s law. This relates the angle of the incident wave, αi, to
the angle between the surface and the refracted wave, α′ : n1 cos(αi) = n2 cos(α′).
Generally, the Fresnel reflectivity, RF , is calculated for an ideal planar interface:
RF ≈ |(αi − α′)/(αi + α′)|2 (3.2)
Due to thermally exited microscopic capillary waves on the surface, the root-
mean-square roughness, σ, for a bare water surface is about 3 A˚. Inserting in eq. 3.1,
the interface is smeared out vertically by σ, leads to a factor exp(−q2zσ2), equivalent
to the Debye-Waller factor, known from the 3D crystallography. Eq. 3.1 states
that the ratio between the measured reflectivity and the Fresnel reflectivity is the
absolute square of the Fourier transform of the normalized gradient of the electron
density across the interface. The measured normalized reflectivity, R(qz)/RF (qz),
can usually be inverted to yield the laterally averaged electron density, ρ(z), of the
structure as a function of the vertical z co-ordinate. The reflectivity is dimensionless
and can be measured on a absolute scale. Thus, the electron density profile can be
derived on an absolute scale as well [74].
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3.3.2 Grazing incidence x-ray diffraction (GIXD)
The energy of x-ray is in the range of 10 keV clearly above the binding energy of
most of the electrons of an atom of organic compounds. From this it follows that
the refractive index of matter for x-ray radiation is slightly less than unity [75]:
n = 1− δ + iβ (3.3)
Hereby, the parameter δ accounts for the dispersion, δ = 2piρ r0/k2, and the pa-
rameter β for the absorption, β = µ/2k. The parameter δ is related to the electron
density ρ, the classical electron radius r0, and the x-ray wavenumber k, and the
parameter β to the linear absorption coefficient µ of the material.
Usually, the incident angle, αi, and the refracted angle, α′, are measured to the
surface. However, since the refractive index of x-rays is less than one unity, below
a certain critical angle for αi < αc, α′ is imaginary, and total reflection occurs.
Corresponding to Snell’s law, n1 = 1 (air), n2 = 1 − δ and α′ = 0◦ - cosinus
developed in a Taylor serie - the critical angle becomes:
αc =
√
2δ =
√
4piρ r0
k
(3.4)
For instance, for an air/water interface αc = 0.13◦ at λ = 1.3 A˚. At total reflec-
tion, below the interface an evanescent wave propagates along the surface, at which
its intensity decrease exponentially with the penetration depth. For αi = 0.85αc,
the beam has only a penetration depth of about 90 A˚ below the water surface. Thus,
the surface sensitivity is enhanced and the background scattering from the subphase
reduced [74, 75]. Therewith, GIXD is a sensitive tool to study in-plane structure of
surface films possessing a periodicity in their molecular arrangement. The geometry
of a GIXD experiment is depicted in fig. 3.4.
A monolayers consists of 2D crystalline domains in the liquid condensed state,
which form an in-plane crystalline powder. So, it can be regarded according to the
plane spacing in 3D crystallography.
Grazing incidence x-ray diffraction is performed with a constant incident glanc-
ing angle, αi, less than the critical angle, αc, while the diffracted intensity is recorded
as function of the horizontal and vertical angles, 2θxy 6= 0 and αr ≥ 0. The direc-
tions of the incident and the scattered x-ray are given by the wave vectors ~ki and ~kr,
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Figure 3.4: Principle of grazing incidence x-ray diffraction, according to [74].
at which | ~ki |=| ~ki |= k = 2pi/λ. The scattering process is characterized by the
scattering vector, ~q = ~kr − ~ki, which can be separated in its horizontal and vertical
components, qxy and qz.
In terms of the vertical incident and exit angle, αi and αr, and the angle between
the horizontal projection of the incident and diffracted beam, 2θxy, the horizontal
and vertical scattering vector components are given by [74]:
qxy = k
√
cos2 αi + cos2 αr − 2 cosαi cosαr cos(2θxy) ' 2k sin θxy (3.5)
qz = k(sinαi + sinαr) ' k sinαr (3.6)
Analogous to 3D - the repeat line spacing can be determined using the Bragg
condition λ = 2d sin θ and eq. 3.5:
d = 2pi/qxy (3.7)
The Bragg peaks can be indexed by Miller indices and then the d-spacing can
be used to determine the lattice parameters.
3.3.3 Neutron reflectivity
The fundamental principles for neutron and x-ray reflectivity are the same. Since
x-rays interact with the electrons of the atoms, the neutrons interact with the nuclei.
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X-rays react with inhomogeneities of the electron density while neutrons react to
changes in the scattering length density ρ(r)
ρ(r) =
∑
i
bi(r)/Vel (3.8)
whereby i is the number of scattering objects in a volume element Vel. The value
b has the dimension of a length and is called the neutron scattering length [76]. It
describes quantitatively the force of the interaction between the incident radiation
and the scattering object. The scattering length b depends on the spin and the mass
number of a nucleus, that means it is different among the isotopes of an element
[77]. Hereby, an important example for the neutron scattering is the large difference
between the hydrogen atom (1H) and one of its isotopes - the deuterium (2H).
1H: b = -0.3740 · 10−12 cm, ρ(H2O) = -0.60 · 1014 m−2
2H = D: b = 0.6674 · 10−12 cm, ρ(D2O) = 6.28 · 1014 m−2
In case of biological samples, which are inherently rich in hydrogen, the substi-
tution of 1H with its isotope deuterium is well established. This method permits a
selective tuning of the sample contrast of particular components, used to accentuate
or rescind the scattered signal [73, 77–80].
Specular neutron reflectivity provides likewise information about variations nor-
mal to the surface, related to the composition profile perpendicular to the interface.
A selective deuteration highlights some components at the interface, which serves
as a tool to detect how a protein affects the structure of a phospholipid monolayer.
3.4 Materials and preparation
3.4.1 Lipids
In the cell, PIP2 is mainly localized at the cytoplasmatic side of the plasma mem-
brane, thus Langmuir monolayer experiments are well suited for the investigation.
Due to the measurements at the air/water interface, saturated lipids are preferred to
achieve a quite stable state in the chain region of the lipids and likewise the same
lipid chain length was taken.
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Figure 3.5: Chemical structure of 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-
Dipalmitoylphosphatidylinositol 4,5-diphosphate (PIP2); DPPC-d75 is not shown, merely there is a
substitution of hydrogen with deuterium
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) acts as the matrix for the
charged lipid. Characteristic for DPPC is the polar headgroup with a zwitterionic
structure, at which both partial charges compensate themselves. It traverses a main
phase transition at room temperature (ca. 20◦C) [81] and thus it is convenient to
use for fluorescence microscopy. Furthermore, there are adequate reference data,
important for separating particular lipid contributions in the mixture. For the neu-
tron reflectivity measurement, DPPC was exchanged with 1,2-Dipalmitoyl-D62-sn-
Glycero-3-Phosphocholine-1,1,2,2-D4-N,N,N-trimethyl-D9 (DPPC-d75).
1,2-Dipalmitoylphosphatidylinositol 4,5 - bisphosphate (PIP2) consists of a hy-
drophilic headgroup with three negative charges. The hydrophobic region consists
of two saturated C16 chains like DPPC.
The lipids were synthetic in powder form and purchased from Sigma-Aldrich
and DPPC-75 from Avanti Polar Lipids (Alabaster, U.S.A.) respectively. The phos-
phocholine had a purity of ≥ 99 % and PIP2 of ≥ 98 % and were used without
further purification. The chemical structure of the lipids is shown in fig. 3.5.
For monolayer preparation, DPPC or DPPC-d75 were dissolved in a mixture of
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chloroform/methanol (4:1) in a concentration of ∼ 0.6 mM and PIP2 was dissolved
in chloroform/methanol/water (1:1:0.1) in a concentration of ∼ 0.2 mM.
As fluorescence marker was used 2- (12- (7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino) dodecanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine (NBD C12-HPC)
from Molecular Probes (Leiden, The Netherlands). It has a similar structure to
DPPC and is labeled on the acyl chain with the environment sensitive nitroben-
zoxadiazole fluorophore.
3.4.2 MARCKS (151-175)
Recent studies could shown that a peptide sequence, containing the 25 amino acid
residues analogous to the MARCKS effector domain, the MARCKS (151-175),
mimics the electrostatic interaction of the protein entirely [44, 46, 49, 53–55].
Hence, this peptide is adequate for studying the interaction of MARCKS with mem-
branes.
Figure 3.6: Computational model of MARCKS (151-175) associated with a membrane [46]. The
peptide is located at the membrane interface in an extended configuration. The highly basic N-
terminus is in the aqueous phase, five phenylalanines residues (green) are partially embedded in the
membrane interface, the positively charged nitrogens on lysine and arginine are blue, the head group
region of the membrane is light grey and the acyl chain region is dark grey.
The sequence of this peptide is H2N-Lys-Lys-Lys-Lys-Lys-Arg-Phe-Ser-Phe-
Lys-Lys-Ser–Phe-Lys-Leu-Ser-Gly-Phe-Ser-Phe-Lys-Lys-Asn-Lys-Lys-OH. MAR-
CKS (151-175) was received as lyophilized powder from AnaSpec, Inc. (San Jose,
USA). For the preparation, the peptide was dissolved in ultra-pure water and was
given directly into the subphase.
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3.4.3 Chemicals
Chloroform and methanol, the solvents for the lipids, were HPLC grade and ob-
tained from Merck (Darmstadt, Germany). The chemicals for the buffer solutions
NaCl, HEPES, EDTA, CaCl2 and ATP were analytical grade and purchased from
Sigma. The buffers were prepared using ultra-pure water, obtained from a Milli-
Q system (Millipore, Schwalbach, Germany) with a residual specific resistance of
18.2 MΩ cm.
PKC as initiator for the cyclic attachment/detachment of MARCKS (151-175)
contained the α, β and γ isoforms and was purchased from Enzo Life Sciences. It
was supplied in solution of 20 mM Tris (pH 7.5), 100 mM NaCl, 0.5 mM EDTA,
0.5 mM EGTA, 1 mM DTT, and 10% glycerol.
3.4.4 Sample preparation
The lipid solutions were mixed to the desired PIP2 content prior spreading. The
amount of PIP2 in the lipid system was always 10 mol%. This amount proved itself.
By isotherm measurements of mixed monolayers containing different amounts
of PIP2, it could be found, that 10 mol % of PIP2 have no a significant influence on
the DPPC matrix. At a higher content, the isotherms smeared out and the monolayer
becomes unstable. The increased concentration of charged PIP2 leads to an increase
of repulsive interaction between the PIP2 molecules within the monolayer [82] and
thus to its destabilization (illustrated in fig. 3.7). Smaller concentrations of PIP2 as
10 mol % result in unmeasurable effects.
The solution of the mixed lipids (see chap. 3.4.1) was spread on a subphase,
basically consisting of 100 mM NaCl and 10 mM HEPES, adjusted to pH 7.4. De-
pending on the experimental setup, 0.1 mM EDTA or 1 mM CaCl2 and 5 mM ATP
were added. The peptide, dissolved in ultra-pure water, was given directly into the
subphase at the corresponding experiments. Due to its very good solubility in water,
a uniform distribution of the peptide in the subphase and also in the monolayer can
be assumed.
All experiments were performed with thermostated Langmuir film balances con-
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sisting of a PTFE trough and an ash-free filter paper as Wilhelmy plate. All mea-
surements were recorded at a subphase temperature of 20◦C.
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Figure 3.7: Surface pressure - area isotherms of mixed DPPC/PIP2 monolayers on EDTA containing
buffer. With increasing amount of PIP2 the monolayers become less stabile due to the repulsive
interaction between the PIP2 molecules. The amount of the mean area per molecule is no more real
because of a certain solubility of PIP2 in water.
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Arrangement of mixed DPPC/PIP2
monolayers
4.1 Organization on micrometer scale
The combination of a Langmuir film balance with a reflected-light microscope per-
mits to study the processes in a monolayer during compression. One incorporates
a fluorescent dye probe into the monolayer and observes the lateral dye distribu-
tion from analysis of the fluorescence micrographs depend on the lateral pressure.
The contrast in the images is obtained as a result of different dye solubility or the
molecular density of coexisting phases.
4.1.1 Experimental setup
Surface pressure-area isotherms of the monolayers were collected using a ther-
mostated Langmuir film balance of home made design. The width of the film bal-
ance trough was 120 mm and the distance between the barriers could be varied from
195 up to 28 mm. The assembly of the barriers was symmetric to achieve a good
film stability during compression. The temperature of the trough was regulated
by Peltier elements and the temperature stability was better than 0.2 K. The film
balance was mounted at a x-y table (Maerzhaeuser, Wetzlar, Germany) for compen-
sating remains of film drift. Furthermore, the complete film balance assembly was
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decoupled from the environment by an active vibration isolation (JRS, Affoltern,
Switzerland).
The film balance was coupled with a reflected-light microscope, type AxioTech
Vario (Carl Zeiss Jena, Germany). A mercury short arc lamp (50 W) was used for
the fluorescence excitation and the wavelengths were selected by an appropriate
beam splitter/filter combination (filter set 9). The monolayer was observed using
a 50x long-distance objective lens (Epiplan 50 LD, Carl Zeiss Jena) and the mi-
crographs were recorded by a residual light camera (SIT camera C2400-08, Hama-
matsu, Japan), connected to the microscope by a 1x camera adapter.
4.1.2 Isotherms and fluorescence microscopy
At the beginning, the influence of MARCKS (151-175) on the phase behavior and
the lateral organization of the mixed lipid monolayer was investigated. In fig. 4.1
are shown the surface - pressure isotherms of the pure DPPC monolayer, the mixed
DPPC/PIP2 monolayer on subphase without and the mixed monolayer with MAR-
CKS (151-175) in the subphase. Here, the subphase consists of 100 mM NaCl, 10
mM HEPES and 0.1 mM EDTA. The admixture of EDTA inhibits the interaction of
remnants of Ca2+ ions in the subphase with PIP2. The monolayers were compressed
typically at a barrier speed that correspond to approximately 2 A˚2 /(molecule ·min);
the surface pressure pi was continuously monitored.
On the basis of the isotherms, there is no significant influence of PIP2 on the
phase behavior and the mean area per lipid molecule compared to the pure DPPC
monolayer. In contrast, the interaction of MARCKS (151-175) with the monolayer
leads to a significant increase of the mean area per molecule. This increase is obvi-
ously caused by the partial insertion of the peptide into the monolayer [10, 44, 54,
55, 83–85]. The shape of this isotherm is rather identical to the DPPC isotherm,
indicating that integration of the MARCKS (151-175) peptide into the monolayer
shows no observable influence on the lipid phase. The DPPC phase is obviously
undisturbed and the additional molecular area per lipid results from a separate phase
caused by the interaction of the peptide with the monolayer.
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Figure 4.1: Surface pressure - area isotherms on EDTA containing buffer of pure DPPC and
DPPC/PIP2 mixture without and with 25 nM MARCKS (151-175) in the subphase.
Parallel to the isotherms, the influence of the MARCKS effector domain on
the monolayer was observed by fluorescence microscopy. The phase separation
of the monolayer in a condensed lipid phase and a dye rich fluid phase permits
the insight in the lateral organization of this three investigated systems, shown in
fig. 4.2. These pictures were recorded at a surface pressure of pi = 15 mNm−1.
This pressure is above the main phase transition of DPPC from the liquid-expanded
to the liquid-condensed phase. The main part of the monolayers is in a condensed
highly packed state (dark) in coexistence with remains of disordered loosely packed
regions (bright). At this lateral pressure the domains are still good distinguishable
and the monolayer is above the phase transition. An observation at higher lateral
pressures does not make sense, because of the dye dissolves into the solution with
the lipids.
In micrograph a) the typical domain form of DPPC can be seen. The integra-
tion of PIP2 into the DPPC monolayer leads to a decrease of the lipid domains,
at which the domain shape mainly persists (micrograph b). Due to the integration
of PIP2 into the DPPC monolayer a phase separation in a condensed DPPC phase
and a disordered PIP2 rich phase occurs presumably. The high charge of the PIP2
leads to a repulsive interaction within the monolayer [82], so that these molecules
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are existent in a random distribution. That disorganization yields a decrease of the
domain size in relation to the pure DPPC monolayer, while the domains retrieve a
comparable size to the pure DPPC monolayer through the interaction of MARCKS
(151-175) with the PIP2 containing monolayer (micrograph c)). However, a larger
distance between the domains due to the presence of peptide bound at the monolayer
can be observed. According to recent publications, the addition of the highly posi-
tively charged MARCKS effector domain yields a strong attraction of the negatively
charged PIP2 in the plane of the membrane which leads to a lateral accumulation
of the polyvalent PIP2 and therefore to clusters of MARCKS (151-175)/PIP2 com-
plexes [39, 49, 86]. The larger distances between the lipid domains could be a
Figure 4.2: Micrographs of the monolayers, corresponding to the surface pressure - area isotherms
at lateral pressure of pi = 15 mNm−1: (a) pure DPPC, (b) mixed DPPC/PIP2, (c) mixed DPPC/PIP2
with adsorbed MARCKS (151-175); the scale corresponds to 20 µm.
hint to a formation of such complexes in the disordered phase. The integration of
the MARCKS effector domain into the monolayer is very stable, the lateral surface
pressure keeps constant over a long period of time and the domain shape and size
as well. The change of the mean molecular area parallel to the change of the lat-
eral distribution of the domains demonstrates clearly the interaction between lipid
monolayer and peptide. The observation of this interaction occurs on a mesoscopic
scale and allows merely qualitative evidence.
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4.2 Organization on nanometer scale
The preceding experiments permitted an insight into the monolayer organization in
the x-y plane on a micrometer scale. By means of scattering experiments, more de-
tailed structural information on a quasi-molecular scale perpendicular to the surface
can be obtained. The determination of a one-dimensional electron density profile
along the surface normal describes the lipid monolayer as well as the changes in the
electron density upon peptide binding. This method is already established by other
membrane proteins and have been interpreted in terms of structural changes of the
lipid system caused by the protein bonding [74, 87–90].
4.2.1 Experimental setup
X-ray measurements
The x-ray reflectivity measurements were carried out at the undulator beamline
BW1 of the DORIS III bypass at HASYLAB (DESY, Hamburg, Germany). The
detailed experimental setup has been described in [74]. The x-ray wavelength was
between λ = 1.38 ... 1.45 A˚ and the maximum footprint on the sample was ∼ 2
mm x 50 mm. The custom built Langmuir film balance was incorporated in a ther-
mostated (T=20◦C), gas-tight aluminum container with Kapton windows, which are
transparent for x-ray radiation. A polished Pyrex glass block in the subphase flat-
tened the surface waves of the sample in the film balance. All measurements were
performed with a Helium atmosphere over the sample film.
The same setup was used to obtain grazing incidence x-ray diffraction (GIXD)
data. This diffraction measurement allows a more direct access to structural infor-
mation on the lipid chains and gives therefore a possibility to validate the reflectiv-
ity data. The experimental arrangement was switched automatically between GIXD
and reflectivity without altering the monolayer within some minutes. The scattered
signal was collected with a Soller collimated linear detector stepped along the scat-
tering angle 2θ. The detailed setup can be found in [90]. During data recording, the
monolayer was shifted to prevent beam damage in both experiments.
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Neutron scattering
The neutron reflectivity measurements were carried out at the AMOR time-of-flight
neutron reflectometer beamline at the Swiss Spallation Neutron Source SINQ at the
Paul Scherrer Institute (Villigen, Switzerland). The experimental setup has been
described in [91, 92]. The measurements were performed using a film balance
identical in construction like at BW1 at HASYLAB excepting the Kapton windows
were replaced against aluminum windows, which are transparent for cold neutrons.
For these measurements, the matrix lipid DPPC was completely deuterated (DPPC-
d75). The monolayer preparation was identical to those of the x-ray measurements.
4.2.2 Data analysis
X-ray reflectivity
The x-ray data evaluation was performed with the Volume-Restricted Distribution
Function (VRDF) approach as an explicit chemical model. The fundamental ideas
of the VRDF approach are described in [93, 94]. The results allow more detailed
structural information on the monolayer along the surface normal z. A sketch of this
model is depicted in fig. 4.3. It divides the molecule in freely movable fragments
which are formed by Gaussian distributions with the width σint around the center
positions z, where their positioning is restricted by the available volume in a certain
slice, calculated from the molecular area obtained from the isotherm measurement,
the slice thickness and the occupied volume of the fragment distribution in this slice.
The chosen molecular fragments are the acyl chains, the carbonyl groups together
with the glycerol backbone, the phosphodiester group and the choline group [95],
or the PI(4,5) group of PIP2 respectively. The sugar fragment is neglected due to
the very similar electron density compared to the one of water.
The lipid chains are treated as one homogeneous layer of width dch, smeared by
the global roughness σcw, which accounts for the capillary waves [93, 94]. Thus,
the electron density (ED) of the lipid chains ρchel is given by:
ρchel =
Zch
2Alipid dch
(
erf
(
z + dch√
2σcw
)
− erf
(
z√
2σcw
))
(4.1)
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Figure 4.3: The VRDF model. Illustration of the molecular fragments, according to [93].
whereas Zch is the number of electrons of the lipid chains and Alipid is the mean
molecular area per lipid molecule. The layer of lipid headgroups is divided into
three submolecular fragments, the carbonyls and the glycerol group, the phospho-
diester group and the terminal end of the phospholipid headgroup as a third one.
The ED ρjel(z) and the volume distribution vj(z) of a fragment j along the surface
normal z is given by [93, 94]:
ρjel(z) =
Zj
Alipid
1
σ
√
2pi
exp
(
−(z − zj)
2
2σ2
)
(4.2)
vj(z) =
Vj
Alipid
1
σ
√
2pi
exp
(
−(z − zj)
2
2σ2
)
(4.3)
with
σ =
√
σ2cw + σ
2
int (4.4)
whereas Zj is the number of electrons in the fragment and Vj is the volume. The
number of electrons in the fragments is known and the fragment volumes are taken
from [95]. The fragment position zj along the surface normal z is represented by
a Gaussian distribution with the width σ. This describes the deviation from their
average position due to capillary waves σcw at the surface and thermal disorder σint
within the monolayer. The fitting parameters of the model are the global and the
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intrinsic roughness, σcw and σint, the width of the chain layer, dch, and the positions
of the second and the third fragment. For reducing the number of independent fit
parameters, the glycerol/carbonyl fragment is coupled to the lipid chain slab. It is
assumed that the center position of this fragment is located at zGC = σint [96]. How-
ever, due to the insertion of an additional lipid into the monolayer, it is necessary to
split the third fragment to take the molecular composition into consideration. One
part becomes the choline group of DPPC and the other the PI(4,5) group of PIP2.
For the fitting procedure both parameters of this fragment are weighted according to
their fraction in the lipid mixture. The void volume in the headgroup region is filled
with subphase to meet a complete volume condition. Though, because the sugar
moiety of the PIP2 was neglected, the number of electrons “filled” in this volume is
partly from the inositol group.
Grazing incidence x-ray diffraction (GIXD)
In the GIXD experiment, the evanescent wave is diffracted by the lateral two-
dimensional order in the monolayer. The periodicity of the molecular arrangement
in the monolayer leads to a peak in the distribution of the scattered intensity. Thus,
the Langmuir monolayers can be considered as 2-D powders within the plane. The
diffraction pattern is always averaged over all domain orientations in the plane. The
three components of the momentum transfer, ~q, can be determined, at which only
the vertical component ~qz can be separately measured. The in-plane components
can be only determined in combination ~qxy = (~qx2 + ~qy2)1/2 [68, 97].
Due to lattice fluctuations, the peak intensities decay with increasing momentum
transfer. The first order peak, corresponding to the distance between neighboring
molecules, is the most intense and frequently the only observed peak. First-order
peaks with a common ~qxy are an indication of hexagonal packing, with equal dis-
tances between the molecules. Two distinct values of ~qxy point to a rectangular unit
cell [68, 97].
Based on the measured diffraction pattern, a hexagonal packing with a rectan-
gular unit cell can be assumed. The calculation of the acyl chain area, A, and its tilt
angle, θ, is based on the concept of Kjaer [98]. The horizontal peak is assumed to
be the {0,2} reflex and the possible non-degenerized peak above the horizon is the
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{1,1} reflex. This corresponds to the {1,1} reflex and the {0,1} in the hexagonal
notation [97]. The calculation of the reciprocal rectangular unit cell is then:
a = q{0,2}xy (4.5)
b = 2
√
(q
{1,1}
xy )2 −
(a
2
)2
(4.6)
The area per lipid chain, A, and the tilt angle, θ, are given by:
θ = arctan
b
2q
{1,1}
x,y
(4.7)
A =
8pi2
ab
(4.8)
Neutron reflectivity
The calculations of the neutron reflectivity curves were carried out using Parratt’s
dynamical approach [99] implemented as a simple two box model. Due to the lim-
ited accessible momentum transfer available in the neutron scattering experiment
the following two parameters were fixed: the chain length data were taken from
the x-ray results and their neutron scattering length density was used as found else-
where [100]. The only free parameters were the length of the head group box, its
scattering length density, and an interface roughness.
4.2.3 Results
X-ray reflectivity
X-ray reflectivity measurements were carried out at four different surface pressures
above the main phase transition in the fluid condensed phase at a lateral pressure of
15, 20, 25, and 30 mNm−1. Fig. 4.4 (a) and (b) show the Fresnel normalized x-ray
reflectivity curves at pi = 30 mNm−1 as an example for all three systems and the
associated electron density profiles, retrieved from the VRDF approach.
The additional phosphate group of PIP2, the PI(4,5), in the mixed monolayer ef-
fects a new contribution to the electron density, compared to the pure DPPC mono-
layer. A second layer in the head group range can be observed (inset of fig. 4.4 (b)).
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Figure 4.4: X-ray reflectivity and electron density profile. (a) Fresnel normalized x-ray reflectivity
curves at lateral pressure pi = 30 mNm−1, and (b) the corresponding VRDF-derived electron density
profiles. (◦) DPPC, (4) DPPC/PIP2 and (N) DPPC/PIP2 with 25 nM MARCKS (151-175) in the
subphase (the end of the hydrophobic chains defines the origin of the z-axis)
The interaction of PIP2 with the MARCKS effector domain compensates this effect
and leads to a broadening and shifting of the phosphate slab. The corresponding
calculated structural parameters derived from VRDF modeling of the x-ray data are
given in table 4.1. One important structural parameter, determined by the VRDF
model, is the thickness of the chain slab. It is generally smaller than the extended
length of such palmitoyl chain of lpalmitoyl = 19.15 A˚ [100], caused by a local chain
disorder. This aspect will be specified in relation with the diffraction measurements.
Generally, the thickness of the chain slab increases with increasing lateral pressure
in a comparable manner in all investigated systems, which could be expected based
on their similar phase state. Though the position of the glycerol/carbonyl fragment
is coupled to the lower end of the acyl chains, they distribution across the inter-
face remains quite constant regardless of the lateral pressure. A similar behavior is
shown by the position of the phosphodiester group to the interface, zph1. This indi-
cates that the molecular organization of the lipid backbone and the phosphodiester
group is as far as possible independent on the lateral constitution. In contrast to
the phosphodiester group, the position of the PI(4,5) group, zph2, shows an explicit
dependency on the presence of MARCKS (151-175). In the absence of the peptide
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system pi / σcw / A˚ dch / A˚ σint / A˚ zph1 / A˚ zN / A˚ zph2 / A˚
mNm−1 ±0.3 ±0.9 ±0.75 ±0.5 ±0.8 ±1.6
DPPC 15 2.80 13.87 1.81 5.91 -2.23
20 2.79 14.81 1.84 4.99 -0.37
25 2.82 15.18 1.43 5.00 0.02
30 2.96 15.44 1.39 5.08 0.00
DPPC / PIP2 15 2.84 13.47 0.91 4.48 0.73 9.48
20 3.09 14.91 0.93 4.91 0.19 13.82
25 3.21 15.39 1.22 5.41 0.06 15.23
30 3.33 15.75 1.15 5.14 0.05 14.93
DPPC / PIP2 15 2.91 13.10 0.92 4.77 0.03 10.80
+ peptide 20 3.01 13.95 1.02 5.31 0.32 11.34
25 3.13 14.55 0.96 5.68 0.07 12.10
30 3.10 15.15 1.05 5.08 0.08 12.17
Table 4.1: Structural parameter derived from the VRDF modeling of the x-ray data. The values
describe the fragment distribution along the surface normal: σcw, global roughness; dch, thickness of
the lipid chains; σint, intrinsic roughness = position of glycerol/carbonyl fragment; zph1, distance of
the phosphodiester group to interface; zN , distance choline to phosphodiester group; zph2, distance
PI(4,5) group to interface. The error bars were obtained by mapping the χ2 by variation of the given
parameter and let the other parameters relax to the next minimum of χ2. The fits with the values
within the error band gave a χ2 not larger than 110% of the χ2 of the best fit.
the PI(4,5) group obviously elongates in direction of the surface normal into the
subphase, in agreement with existing literature [101, 102].
The interaction of the MARCKS effector domain with PIP2 yields a tilt of the
PI(4,5) towards the membrane interface - in evidence with the decrease of the dis-
tance of the this phosphate group to the interface compared to the monolayer with-
out the MARCKS peptide. This could explain the disappearance of the additional
phosphate peak in the electron density profile. The phosphodiester and the PI(4,5)
groups are getting closer, which leads to an overlay of the phosphate groups and
results in a uniform broader electron density distribution. A graphical summary of
the dependency of the position of the phosphate groups zph1 and zph2 on the lateral
pressure is given in figure 4.5.
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Figure 4.5: Phosphate position zph1 and zph2 as function of the lateral pressure pi. The position
of the phosphodiester group, zph1, is comparable in all three systems. (◦) DPPC, (4) DPPC/PIP2
and (N) DPPC/PIP2 with 25 nM MARCKS (151-175) in the subphase. The position of PIP(4,5),
zph2, shows a dependency on the presence of MARCKS (151-175), here is (O) DPPC/ PIP2 and (H)
DPPC/PIP2 with MARCKS (151-175) in the subphase. Without peptide the PI(4,5) group elongates
in direction of the surface normal up to 15 A˚ into the subphase. The interaction of the acidic lipids
with the MARCKS effector domain causes a tilt of the PI(4,5) towards the membrane interface,
clearly indicated by the decrease of the distance of the this phosphate group toward the interface.
Grazing incidence x-ray diffraction
To verify the results obtained from fitting the experimental reflectivity data to the
VRDF model, a more direct access to structural information on the lipid chains is
offered by grazing incidence x-ray diffraction. In fig. 4.6 are shown the diffraction
patterns at lateral pressure of pi = 15 and 30 mNm−1. Two Bragg peaks are observed
for the three systems, one at the horizon {0,2} and one off-horizon {1,1}. The
change of the width of the {0,2} peak points to a change of the ordering in the
monolayer.
The lattice data from these experiments, compared with the molecular lipid ar-
eas measured by isotherms and the derived data from reflectivity evaluation are
compiled in table 4.2. As mentioned, the thickness of chain slab of the monolayer,
calculated by the VRDF model, does not match the extended length of a palmitoyl
chain, dch < lpalmitoyl, due to local chain disorder. For hexatic phase, the acyl chains
47
4. Arrangement of mixed DPPC/PIP2 monolayers
1
2
3
4
1.2
DPPC
DPPC/PIP2
DPPC/PIP2 
q
z
 in
te
g
ra
te
d
 in
te
n
si
ty
 x
 1
0
4
1.21.3 1.4 1.3 1.4
30 mNm-115 mNm-1
in-plane momentum transfer, qxy [Å
-1]
+ peptide
Figure 4.6: Diffraction pattern of the three monolayer systems at pi = 15 mNm−1 and 30 mNm−1.
One Bragg peak at the horizon {0,2} and one at the off-horizon {1,1} could be observed. The change
of the width of the {0,2} peak indicates changes in the order state.
take a collective tilt angle from the surface normal. Thus, an average tilt angle can
be described, φ = arccos (dch / lpalmitoyl) [100]. The independent determination of
the chain tilt φ for the hexatic phase can be examined by GIXD measurements.
Therefore, differences in structure parameters were found between reflectivity and
diffraction.
Major differences were found in the calculated lipid chain areas and the areas
obtained from isotherm measurements. This can be explained that the isotherm
measures the entire monolayer while the GIXD focuses only on the crystalline parts
of the monolayer. Thus, these differences in the calculation of the mean molecu-
lar area can give information about the disordered part in the monolayer. For the
reflectivity evaluation the areas from the isotherm were used, which therefore also
contain the non-crystalline parts. This explains in turn some differences in the chain
tilt angle φ obtained in both experiments.
At a low lateral pressure of pi = 15 mNm−1, the three systems show a similar
behavior. This indicates a homogeneous monolayer structure under these condi-
tions, as visible in both phases in the fluorescence micrograph. A further hint is
the width of the diffraction peaks, a measure for the order of the crystalline do-
mains. From the width of the {0,2} peak at the horizon one can deduce a similar
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state of the order of the chains, whereas the broader peak of the DPPC/PIP2 indi-
cates a less ordered monolayer. This is also confirmed by the smaller domains in
the fluorescence micrograph. The MARCKS (151-175) containing system has an
explicit larger difference in the calculated and GIXD-measured lipid area, which
indicates a larger fraction of disordered phase, just as well to observe in the fluo-
rescence micrograph. With increasing lateral pressure one should expect a higher
ordered monolayer. However, the PIP2 containing monolayers show a contrary be-
havior. Generally, the area fraction of disordered phase is decreasing - the ordered
domains are getting closer. The same chain tilt angle for the pure DPPC and the
mixed peptide containing monolayer points out a demixing of the ordered and dis-
ordered phases. The similar signal, obtained in both systems, must be from the
system pi / Alipid / A˚2 Alipid / A˚2 tilt angle φ tilt angle φ FWHM /
mNm−1 isotherm GIXD reflectivity GIXD A˚−1{0,2}
DPPC 15 55.6 50.8 43.6 36.7 0.0171
30 50.1 48.8 36.3 33.0 0.0176
DPPC/PIP2 15 55.7 50.6 45.3 35.4 0.0195
30 50.4 49.2 34.7 33.1 0.0312
DPPC/PIP2 15 61.0 50.6 46.8 35.7 0.0175
+ peptide 30 54.6 48.2 37.7 32.8 0.0276
Table 4.2: Comparison between the data from reflectivity evaluation and the diffraction. The
tilt angle obtained from the reflectivity data, φ = arccos(dch/lpalmitoyl), was calculated with
lpalmitoyl = 19.15 A˚ [100].
crystalline domains of the DPPC whereas the presence of disordered areas in the
peptide containing system leads to a lower intensity and broadening of the signal.
While the insertion of PIP2 into the pure lipid monolayer yields merely a disturbed
crystalline phase, the uniform random distribution of PIP2 leads to imperfections
in the monolayer and thus to a shortening of the correlation length caused by the
elongation of the PI(4,5) group into the subphase, which accounts for a larger tilt
angle of the DPPC chains.
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Neutron reflectivity
The neutron reflectivity measurements of the monolayers confirm the preceding x-
ray results. While x-ray methods are sensitive to electron density distributions, by
contrast variation with the hydrogen/deuterium isotopic exchange, neutron scatter-
ing can deliver additional information on the molecular arrangements in the mono-
layer.
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Figure 4.7: Neutron reflectivity. (a) Fresnel normalized neutron reflectivity and (b) the correspond-
ing scattering length density at pi = 30 mNm−1. (◦) DPPC, (4) DPPC/PIP2 and (N) DPPC/PIP2
with 25 nM MARCKS (151-175) in the subphase (because of the small differences, the reflectivity
curve of pure DPPC-d75 is not shown)
The Fresnel normalized neutron reflectivity curves, measured on buffer prepared
with H2O, and the derived neutron scattering length density profiles are depicted in
fig. 4.7. Due to the estimated small differences in the reflectivity and the long mea-
suring time per monolayer, the measurements were only carried out at 30 mNm−1.
By means of the obtained scattering length density profiles, a thinning of the mono-
layer can be observed due to the interaction of the MARCKS effector domain with
the monolayer. Furthermore, the distribution of the scattering length density is al-
tered. Due to the tilt of the PI(4,5) groups in direction of the membrane interface,
caused by the interaction with the peptide, the scattering length density is more
concentrated at the interface.
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4.2.4 Discussion
By the presence of charged lipids in the membrane interface, electrostatic interac-
tion occurs frequently and a number of very diverse proteins are permanently or
temporarily associated to the surface. Many proteins have specialized domains -
rich with cationic aminoacids - which facilitate electrostatic attraction to anionic
lipids [4, 103, 104]. A lateral lipid separation is induced as a result of this elec-
trostatic interaction between charged lipids and absorbed proteins [36, 53]. Based
on theoretical calculations [42, 59, 86, 105–108] and experimental results [6, 7, 42,
105, 109], it was found that the PIP2 molecules in the membrane are concentrated to
clusters by the effector domain of the MARCKS protein due to nonspecific electro-
static interaction forming lipid/protein (MARCKS (151-175)) complexes [36, 105].
Besides, the effector domain of the MARCKS protein penetrates with its aromatic
amino acid side chains into the hydrocarbon layer, showing thus an extended con-
figuration at the membrane interface [8, 10, 83, 84, 110].
About these facts, it could find out that the absorption of the MARCKS (151-
175) peptide alters the structure of the membrane interface. Although monolayers
are unphysiological systems - their simplicity permits the access to such structural
information. Hence, more detailed structural information on a molecular level can
be obtained, which is currently non-accessible under physiological conditions. The
monolayer forms a simplified model of the inner leaflet of the cell membrane and
permits the studying of lipid/protein interactions, since it facilitates to choose ad-
justable parameters to investigate particular processes at the membrane. A sketch
of the changes at the monolayer interface, derived form the experimental data, is
depicted in fig. 4.8 [111]. The polyvalent PIP2 molecules are arranged in a uniform
distribution in the disordered phase of the mixed monolayer, which is consistent
with literature [112–114]. This lateral distribution is presumably caused by the per-
pendicular orientation of the PI(4,5) group to the membrane interface [101, 102]
and their repulsive interaction [82]. The distance of the PI(4,5) group to the level of
the phosphodiester groups of the membrane increases with increasing lateral pres-
sure. At a pressure of 30 mNm−1 - comparable to bilayers [69] - the PI(4,5) group
is 10 A˚ below the level of the phosphodiester group, which is in agreement with
existing literature [115].
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The interaction of MARCKS peptide with PIP2 leads to a tilt of the PI(4,5)
group towards the interface, while the position of the phosphodiester group keeps
constant. However, the primary protrusion of the PI(4,5) from the interface pro-
motes the interaction with the charged peptide. This interaction has only an impact
on the PI(4,5) and it does not exist an influence on the surrounding lipid matrix. The
arrangement of PIP2 facing the aqueous phase consequently build the precondition
for the electrostatic interaction of the MARCKS peptide with the PIP2 molecules.
In this way, the PI(4,5) group forms a distinct electrostatic mark for association of
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Figure 4.8: Sketch of the structure of the mixed monolayers. (a) DPPC/PIP2 and (b) DPPC/PIP2
with MARCKS (151-175) interaction, thereby are GC glycerol/carbonyl fragment, Ch choline
group, Ph phosphodiester group and PI PI(4,5) group of PIP2. The free PI(4,5) elongates perpen-
dicular into the subphase (a) and forms consequently the basis for the lipid/peptide interaction. The
presence of MARCKS (151-175) leads to a tilt of the PI(4,5) group towards the membrane interface
(b).
the charged peptide. The presence of MARCKS (151-175) in the subphase, i.e.
the clusters of its basic residues, produces locally positive electrostatic potentials.
Thereby the PIP2 molecules laterally diffuse within the membrane interface and
form electrostatic complexes with the peptide [59]. Since the PIP2 molecules are
arranged in a uniform distribution in the disordered phase, the PIP2/peptide com-
plexes exist in the disordered phase as well.
In summary, the lateral arrangement of PIP2 within the membrane interface is
an essential parameter in terms of its functionality. PIP2, as an important charged
membrane lipid, is involved in signal transduction processes or the regulation of the
cell cycle. The elongation of the PI(4,5) group into the aqueous phase primarily
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facilitates the local interaction with MARCKS. On this way, the function of PIP2
as signal molecule is better understood. The enrichment of PIP2 in the disordered
phase, which on one hand arose from the negative residual charges at the interface
and on the other hand from the considerable elongation of the PI(4,5) group into the
aqueous phase, promotes the formation of lipid/protein clusters in this phase. This
enrichment of peptide/lipid complexes in the disordered phase facilitates potentially
their diffusion along the membrane interface [116, 117]. Due to phosphorylation,
MARCKS peptide detaches from the membrane and PIP2 is available for further
local interaction. One can say, this cycle diffuses within the membrane and for
this reason it explains the central role of the regulating function of the protein in
interaction with PIP2.
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Chapter 5
Diffusion and adsorption of the
MARCKS-ED
Transport processes are vitally important for all forms of life. The existence of con-
centration gradients of various metabolites in the cells across the plasma membrane
or rather the cytoplasm is one important account for these transport processes. With
this concentration gradients, the cells possess a very large amount of energy. Due
to tending naturally to a state of low energy, the compensation of the concentration
gradients occurs by diffusion with the time. Thus, diffusion constitutes a material
transport which is induced by concentration gradients [2, 24].
5.1 Some fundamentals about diffusion
The diffusion is associated fundamentally with the disordered Brownian random
walk of diffusive particles. For the quantitative description of the diffusion, the
diffusion flow Jx is defined as the amount of substance per time unit, which perpen-
dicularly passes through a planar cross sectional area A. Relating the diffusion flow
to the unit of a cross sectional area, one yields the specific diffusion flux φ = Jx/A
in x-direction. The flow Jx is proportional to the cross sectional area A and the con-
centration gradient −(∂c/∂x) in x-direction. According to A. Fick, which has fun-
54
5.1. Some fundamentals about diffusion
damentally described the diffusion processes on mathematic-physical basis (1855),
the diffusion flow is:
Jx = −DA
(
∂c
∂x
)
t
(5.1)
also known as the 1st Fick’s law [2, 18]. The proportionality factor D is denoted as
diffusion coefficient, which describes primarily the velocity of the diffusion. It is
an important property of the nature of diffusive molecules and their environmental
medium, wherein the diffusion occurs. D is associated with the internal friction
between the particle and the medium and the viscosity of the medium.
Although the Fick’s law describes a directed particle stream, even so it is based
on the disordered Brownian molecular movement. This movement is induced by
thermal collisions of the particles with molecules of the environmental medium.
Due to the disordered thermal movement of the molecules, a random walk of the
particles occurs. This movement can be quantitatively described by the mean square
displacement ∆x2 per time intervall ∆t [2, 18]:
∆x2 =
2kBT
f
∆t (5.2)
whereby kB is Boltzmann’s constant. This equation (5.2) indicates that the mean
square displacement is proportional to the thermal energy and inversely proportional
to the friction coefficient f , which retards the movement of the particles.
Since the selection of the x-direction is arbitrary and the random walk of the
particles in direction of the rectangular coordinate system is completely independent
of each other, for the y- and z-direction count analogous relations for the mean
square displacement in the three-dimensional space ∆s2i and the following relation
is then valid:
∆s2i = ∆x
2
i + ∆y
2
i + ∆z
2
i (5.3)
and the mean square displacement ∆s2 for the three-dimensional Brownian move-
ment is then:
∆s2 =
6kBT
f
∆t . (5.4)
The Brownian molecular movement of all particles is independent of each other.
In a certain time intervall ∆t, all particles undergo a mean square displacement
independent of the local concentration.
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In case of a concentration gradient (c1 > c2), a concentration compensation
occurs at a planar cross section A at the position x0 in a certain time intervall ∆t. It
counts for the net particle flow:
Jx =
(c1 − c2)A
√
∆x2
2∆t
. (5.5)
At position x0, the concentration compensation (∂c/∂x)x0 can also be expressed as
the difference of the concentrations and the mean square displacement [∆x2]1/2 :(
∂c
∂x
)
x0
=
∆c
∆x
=
(c1 − c2)√
∆x2
(5.6)
Using equ. 5.5 and equ. 5.6, the particle flow can be described now:
Jx = −
(
∆x2
2∆t
)
A
∂c
∂x
(5.7)
The bracket expression in equ. 5.7 can be replaced by equ. 5.2 using the time and
position independent constant value (kBT/f). Due to this constancy, equ. 5.7 is
formally identical to the 1st Fick’s law (5.1) if:
D =
kBT
f
=
∆x2
2∆t
(5.8)
This consideration shows that the undirected Brownian molecular movement leads
to the compensation of concentration gradients due to directed diffusion. Equ. 5.8
shows the relation between the diffusion coefficient and the friction coefficient, for-
mulated by Einstein (1908). If f is described by the Stokes’ relation f = 6piηr
(r=particle radius, η = viscosity of the environmental medium), it accounts for D:
D =
kBT
6piηr
(5.9)
Thus, the thermal agitation of the molecules acts as driving power of the diffusion
whereas the viscosity of the environmental medium acts as the retarding power.
Equs. 5.2 and 5.8 are very useful. With the knowledge of the diffusion coeffi-
cient D or the friction coefficient f , it is possible to estimate the diffusion time ∆t
for a given distance
√
∆x2 by the substance transport in a cell [2, 18].
Until now, the concentration gradient was considered as driving force for the
diffusion. But, the diffusion process depends on position and time and therefore the
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concentration c is a function of this both variables: c(x, t). The temporal change is
described with ∂c/∂t. The change dn/dt of the amount of substance n = A dx c
of the diffusive particles in a certain volume A dx is given by the difference of the
flows J(x) (inflow) and J(x+ dx) (outflow):
dn
dt
= A dx
(
∂c
∂t
)
x
= J(x)− J(x+ dx) (5.10)
Both flows are positively calculated in x-direction. Equ. 5.10 can be transformed
by the definition of differential coefficient:
A
(
∂c
∂t
)
x
= −
(
J(x+ dx)− J(x)
dx
)
= −
(
∂J
∂x
)
t
. (5.11)
Inserting for J the 1st Fick’s law( 5.1), the 2nd Fick’s law is obtained:
(
∂c
∂t
)
x
= D
(
∂2c
∂x2
)
t
(5.12)
Hereby, it is given that D is independ on the position and also on the concentration.
Under consideration of all three space dimensions, the corresponding equation for
c(x, y, z) is:
∂c
∂t
= D
(
∂2c
∂x2
+
∂2c
∂y2
+
∂2c
∂z2
)
. (5.13)
Equ. 5.12 and equ. 5.13 are partial differential equations, which describe the posi-
tion and time dependency of the concentration c [2, 18].
In the following, the adsorption behavior of the MARCKS effector domain at
the mixed DPPC/PIP2 monolayer will be investigated under consideration of dif-
fusion processes. Hereby, the Langmuir trough forms a closed system in which
the monolayer as the “cell membrane” can be considered as constant. The interac-
tion of the MARCKS (151-175) with the negatively charged membrane lipid PIP2
only occur, if the peptide diffuses through the subphase volume in direction to the
membrane interface.
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5.2 Adsorption experiments
5.2.1 The attachment of MARCKS (151-175)
Area growth at constant lateral pressure
The integration of MARCKS (151-175) into the mixed monolayer leads to a higher
area requirement of the system caused of the partial insertion of the peptide into the
monolayer. This can be observed directly by monitoring the change of the mean
molecular area due to adsorption.
In the experiment, the mixed lipid solution DPPC/PIP2 is spread on a subphase,
which contains different concentrations of MARCKS (151-175), to an initial lateral
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Figure 5.1: Increase of the mean molecular area due to peptide adsorption. The subphase consists
of 100 mM NaCl, 10 mM HEPES and 0.1 mM EDTA (pH 7.4) and different amounts of MARCKS
(151-175).
pressure of pi = 20 mNm−1. If the pressure is kept constant, the higher area re-
quirement of the monolayer will be compensated by opening the barriers of the film
balance, and thus the increase of the mean molecular area can be calculated. Ex-
perimentally, it could be determined that the increase of the “mean molecular area”
is around 2 A˚2 due to adsorption of MARCKS peptide, as illustrated in fig. 5.1.
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This value is already reached at a volume concentration of 25 nM and keeps rela-
tively constant at higher peptide concentration. That means, that the concentration
of 25 nM leads to a saturation of the peptide in the monolayer. Every concentration
above this value can act as a reservoir for reactions.
Pressure increase at constant area
Vice versa, at constant area, the adsorption of MARCKS peptide at the monolayer
yields an increase of the lateral pressure pi [44]. Here, this increase was usually
detected in a range of 4-5 mNm−1. At initial concentrations above 25 nM, the
increase of the lateral pressure of the monolayer was always around the same value.
These time/pressure experiments were carried out with a special trough with
fixed volume and surface. As described before, the subphase consists of 100 mM
NaCl, 10 mM HEPES and 0.1 mM EDTA (EDTA is used to avoid some influence
due to remnants of calcium in the subphase) adjusted to pH 7.4. The mixed lipid
solution DPPC/PIP2 was spread onto the subphase to an initial lateral pressure of
20 mNm−1 ± 0.5 mNm−1. At the beginning, the MARCKS (151-17) is homoge-
neously distributed in the subphase, due to its very good solubility in water. The
monolayer is prepared on the subphase - the peptide begins to attach, indicated by
a monotonic increase of the lateral pressure. This increase is caused by the effector
domain of MARCKS. In control experiments (see appendix B), there was no sig-
nificant influence of the peptide neither on the bare buffer/air interface nor on the
pure DPPC monolayer detectable. Assumed, the increase of the lateral pressure of
the monolayer is proportional to the concentration of MARCKS peptide attached
to the monolayer, then the increase of the lateral pressure ends with the peptide
saturation of the monolayer (fig. 5.2). This process is slow and dominated by a
diffusion-limited attachment to the monolayer. The characteristic diffusion time of
the peptide through the subphase to the monolayer is estimated to be in the order
of hours due to a subphase thickness of 5 mm. The saturated monolayer remains
stable over a long period of time and merely a slight fluctuation is observed.
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Figure 5.2: Increase of the lateral monolayer pressure due to peptide adsorption.
5.2.2 Attachment/detachment cycle
The regulative function of the MARCKS protein is based on an attachment/detach-
ment cycle with the cell membrane, illustrated in chapter 2.4.2. The MARCKS
effector domain interacts electrostatically with PIP2, which causes the binding of
the protein to the membrane and thus in turn, the hydrolysis of this lipid by PLC
is inhibited. PKC reverses this process by phosphorylation of the effector domain -
the protein diffuses into the cytosol and PIP2 is again available for PLC hydrolysis.
PKC is also activated and translocated to the membrane by calcium, diacylglycerol,
and phospholipids. In the cytosol, the dephosphorylation of MARCKS by phos-
phatases occurs and the protein is again available for the interaction with the mem-
brane interface. This regulating binding/unbinding cycle of MARCKS constitutes
a reaction-diffusion system, which enables investigations of the impact of pattern
formation on signal transduction processes [4, 11, 13, 15, 39, 47].
Experimentally, the monolayer technique permits the modeling or simulation
of such reaction-diffusion systems. In order to mimicking the cytoplasm, the sub-
phase contains the components, which are involved in this process. Now, the mixed
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DPPC/PIP2 solution is spread on a subphase containing 100 mM NaCl, 10 mM
HEPES, 1mM CaCl2, 5mM ATP, and an excess of MARCKS (151-175), adjusted
to pH 7.4. The excess of peptide in the subphase forms the reservoir of unphospho-
rylated MARCKS (151-175), ATP provides the phosphate for phosphorylation of
the peptide by PKC and Ca2+ is required to activate PKC.
First, the mixed lipid solution was spread again to an initial lateral pressure of 20
mNm−1 ± 0.5 mNm−1. The adsorption behavior of MARCKS peptide at the mono-
layer was essentially comparable to fig. 5.2. After the saturation of the monolayer,
indicated by a quite constant lateral pressure, PKC was injected by a Hamilton mi-
croliter syringe through the monolayer into the subphase. This yielded a decrease
of the lateral pressure. Afterwards, the lateral pressure increases again and an os-
cillation of the pressure could be observed over a period of hours, illustrated in fig.
5.3.
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Figure 5.3: Adsorption of MARCKS (151-175) under different conditions. Red: without PKC,
green: without ATP, and blue: with PKC and ATP in the subphase. The arrows mark the PKC
injection.
In order to ensure that this observed oscillation is caused by PKC, the same
experiment was carried out without PKC injection, illustrated in fig. 5.3 as well.
This experiment reveals that the pressure oscillation is obviously caused by PKC,
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no oscillations were observed in absence of PKC. Just as well, the influence of ATP
has to be investigated. The injection experiment was repeated without ATP in the
subphase. The injection of PKC indeed leads to the decrease of the lateral pressure,
but there is only a regeneration of the monolayer observable, without any fluctuation
(fig. 5.3).
At this point one can say, the oscillation of the lateral pressure prove the attach-
ment/detachment cycle of MARCKS (151-175). First, the peptide adsorbs at the
monolayer. The characteristic diffusion time of the peptide is in a range of 3 - 4
hours because of a quite large subphase thickness of 5 mm. The injection of PKC
into the subphase generally leads to a decreasing of the lateral pressure. This pro-
cess is explicable due to the detachment of the peptide from the monolayer, caused
by PKC. Now, the PIP2 molecules in the monolayer are again available for the in-
teraction with MARCKS (151-175). Hereby, the excess of MARCKS (151-175) in
the subphase (cpeptide > 25 nM) constitutes the source of unphosphorylated peptide.
The peptide diffuses trough the subphase to the monolayer and attaches again, sim-
ilarly diffusion-limited, and the lateral pressure increases again. If a certain mono-
layer concentration of peptide is reached, its detachment due to PKC begins again
and the lateral pressure decreases. The source of phosphate for the phosphorylation
of MARCKS (151-175) by PKC is realized by ATP in the subphase.
On this way, the attachment/detachment cycle of MARCKS peptide can be iden-
tified as the reason for the oscillating behavior of the lateral pressure of the mono-
layer. The large characteristic period of the oscillations (3 - 4 hours) is explained
by the experimental assembly. Due to the relative large thickness of the subphase,
the diffusion time of the peptide is relatively large. Although, this is rather an un-
physiological systems - this monolayer experiment opens up the possibility to build
reduced model systems to have an access to a particular process at the membrane.
Currently, there is no access to such particular processes under physiological con-
ditions.
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5.3 The model
Based on this experimental results, the modeling of a reaction-diffusion system
could be developed by S. Alonso et al. [118], which is summarized here briefly
in the following.
It is assumed that the monolayer is arranged spatially homogeneously and the
spatial changes in the monolayer caused by the attachment/detachment cycle of
MARCKS (151-175) are neglected. So, the modeling can be restricted to the com-
putation of a one-dimensional profile along the z-coordinate, thus perpendicular to
the membrane interface.
Three chemical species diffuse in the subphase: MARCKS peptide (M), PKC
enzyme (P ), and phosphorylated MARCKS peptide (MP ):
∂tM(z, t) = DM∂
2
zM(z, t),
∂tP (z, t) = DP∂
2
zP (z, t), (5.14)
∂tMP (z, t) = DM∂
2
zMP (z, t)
whereby DM and DP are the diffusion coefficients of MARCKS peptide and PKC,
respectively. The interaction only occurs near the monolayer:
∂tM(z, t) = −RM +DM∂2zM(z, t),
∂tP (z, t) = −RP +DP∂2zP (z, t), (5.15)
∂tMP (z, t) = RMP +DM∂
2
zMP (z, t)
wherebyRi correspond to the nonlinear reaction rates and the attachment/detachment
processes. Ri depends on the peptide and PKC concentration in the subphase and
at the monolayer, and on the state of the monolayer. The average concentration of
MARCKS peptide (m) and PKC (p) is given as:
m˙(t) = RM −RMP , (5.16)
p˙(t) = RP (5.17)
To model the interaction between the monolayer and the subphase, a narrow layer
is considered from which the peptide binds and into which the peptide is released
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from the monolayer. This layer is diffusively coupled to the subphase. The total
amount of free and phosphorylated peptide is then:
ΦM = L
−1
∫ L
0
Mdz
ΦMP = L
−1
∫ L
0
MPdz
and equivalent for the total amount of PKC in the subphase:
ΦP = L
−1
∫ L
0
Pdz
whereby L is the vertical size of the system. The total amount of peptide φM,T =
m+φM and of PKC φP,T = p+φP are conserved quantities and hence they are the
fixed parameters in the model.
Furthermore, it is a variable θ considered which accounts for the structure of the
monolayer. This value is related with the quantity of accessible PIP2 and accounts
for the change of the monolayer structure upon peptide binding, which in turn af-
fects the attachment rate of peptide. The dependence of θ on the monolayer-bound
peptide is:
θ˙(t) = Rθ. (5.18)
The diffusion of the species were numerically simulated by a finite difference
method in one dimension. The total amount of peptide was kept constant and fixed
by the initial condition.
5.3.1 Attachment of MARCKS peptide
The temporal evolution of the peptide concentration at the monolayer and in the
subphase as well as the concentration of sequestered PIP2 is shown in fig. 5.4.
Initially, MARCKS peptide is homogeneously distributed in the subphase. The
monotonous increase of the concentration of monolayer-bound peptide (see fig. 5.4
a) is correlated with the increase of the lateral pressure due to peptide attachment,
since the monolayer pressure is assumed to be proportional to peptide concentration.
The increasing peptide concentration at the monolayer leads to its depletion in the
subphase region near the monolayer. This, in turn induces a concentration gradient
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Figure 5.4: Temporal evolution of the concentration of monolayer-bound peptide (m, solid line)
and sequestered PIP2 (θ, dashed line) (a), and the fraction of unphosphorylated peptide (ΦM ) in the
subphase (b) during simulation [118]
of free peptide in the subphase and therefore a transport of more peptide to the
monolayer. As observed in the experiment, the peptide accumulates to the saturation
of the monolayer in a comparable period of time. Furthermore, in the state of the
monolayer saturation, the amount of sequestered PIP2 reaches the maximum value.
During the simulation the total amount of peptide is kept constant. Therewith, the
increasing concentration of monolayer-bounded peptide causes a decreasing of the
concentration of free peptide in the subphase (fig. 5.4 b).
5.3.2 Phosphorylation of MARCKS peptide
First, there are the same initial conditions - the peptide is uniformly distributed in
the subphase and the concentration of monolayer-bound peptide increases with the
time. If PKC is injected, the amount of monolayer-bound peptide is reduced due to
phosphorylation by PKC. This is correlated with the experimental result, where the
lateral pressure of the monolayer clearly decrease after PKC injection. Thereafter,
a damped oscillation arises in the monolayer (fig. 5.5 a) - the amount of PKC is
constant during simulation. After this initial reduction, the lateral pressure shows
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Figure 5.5: Temporal evolution of monolayer-bound peptide (m, black line), PKC (p, red line), and
sequestered PIP2 (dashed line) (a), and the fractions of unphosphorylated (ΦM ) and phosphorylated
(ΦMP ) peptide in the subphase (b) during simulation. The arrow mark the PKC injection. [118]
a damped oscillation behavior. This oscillation can be interpreted as an oscillation
in the concentration of monolayer-bound peptide. The amplitude of this oscillation
decreases after some cycles. This is explained by the decrease of unphosphorylated
peptide ΦM and the increase of phosphorylated peptide ΦMP in the subphase (fig.
5.5 b).
With regard to the lateral changes of the monolayer due to this cyclic process,
the following scenario is arising (sketched in fig. 5.6). It is known, the integration
of PIP2 into the DPPC monolayer leads to a separation in an ordered condensed
DPPC phase and a disordered PIP2 rich phase (see chap. 4). Hence, the interaction
of MARCKS peptide with PIP2 occurs in this disordered phase and yields there
lipid/peptide clusters, which causes an increase of the space between the ordered
DPPC domains - as already experimentally shown in fig. 4.2 b and c. These both
micrographs correspond to high and low values of accessible PIP2 (θ) in the model,
whereby fig. 4.2 b constitutes the initial state of the monolayer. The attachment
of MARCKS peptide increases the space between the ordered DPPC domains (fig.
4.2 c) and facilitates the attachment of PKC at the interface, which in turn leads
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to the phosphorylation of MARCKS peptide and consequently to its translocation
from the monolayer. This detachment reduces again the space between the ordered
domains and the initial state is recovered. The cycle is closed.
Figure 5.6: Mechanism of lateral pressure oscillation in the monolayer (dark areas represent the
condensed and the light areas the fluid phase). (a) initial state, (b) attachment of peptide, the channel
size between the ordered domains increases, (c) attachment of PKC (red), (d) detachment of peptide,
reduction of channel size, translocation of PKC [118].
Until now, a closed system was considered where the reservoir of unphospho-
rylated MARCKS peptide is depleted by the process of phosphorylation. However,
living cells are open systems where the phosphorylation/dephosphorylation cycle
of MARCKS is regulated by PKC and phosphatases (fig. 5.7) [118]. Under this
aspect, a model can be assumed, where the peptide is supplied to or removed from
the membrane and the subphase acts as reservoir with constant amounts of MAR-
CKS and PKC. A constant amount of MARCKS requires a continuous addition of
peptide either from synthesis or external input or phosphatases may recycle phos-
phorylated peptide. This represents an open system, far from the thermodynamical
equilibrium, which results in constant amplitude oscillations.
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Figure 5.7: Temporal evolution of monolayer-bound peptide (m, black line), and sequestered PIP2
(θ, dashed line) (a), and PKC (p) (b) in an open system during simulation [118]
5.4 Synopsis
First, it could been shown, that the attachment of MARCKS (151-17) is accom-
panied by structural changes in the membrane interface. Thus, its attachment/de-
tachment cycle has to affect the membrane structure in a cyclic manner as well.
Since the detection of this mechanism in vivo is very difficult, a reduced system
was chosen to investigate this particular process.
Hereby, the cell membrane is formed by the mixed DPPC/PIP2 monolayer and
the cytoplasm by the subphase, respectively. The myristoyl-electrostatic switch
could be simulated by binding of MARCKS (151-175) at the monolayer, the phos-
phorylation of peptide by PKC, and finally the dephosphorylation by phosphatases
was substituted by a reservoir of unphosphorylated peptide in the subphase.
The slow increase of the lateral pressure due to the attachment of peptide at the
monolayer can be modeled mathematically by considering the diffusion of peptide
through the subphase. The introduction of PKC leads to the detachment of peptide
by phosphorylation and its diffusing into the subphase. Due to this detachment, un-
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phosphorylated peptide can attach at the monolayer and the cycle can be repeated.
This interaction, combined with transport processes may help to understand tempo-
ral and spatial aspects on cell signalling.
Kinetic oscillations are typical signatures of nonlinear processes. Here, the
damped oscillation after the initial peptide detachment is an evidence of nonlin-
ear interaction in the considered system. The model shows that the most important
components for oscillations are the nonlinear binding rates of peptide and enzyme
to the monolayer and the coupling of the monolayer’s structure with peptide con-
centration [118].
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Summary and outlook
6.1 Summary
Among other essential functions, biological membranes can facilitate the econom-
ical use of signal molecules being present in the cell just in minute concentrations.
One way to allow this, by the presence of charged lipids at the membrane interface,
electrostatic interactions occur frequently and thus a number of very diverse pro-
teins are associated permanently or temporarily to the surface. Many proteins have
specialized domains, rich with cationic aminoacids, which facilitate electrostatic
attraction to anionic membrane lipids.
This work is attended to investigate one particular of the numerous interaction
mechanisms at the membrane interface - the myristoyl-electrostatic switch. This
mechanism is involved in a number of signal transduction processes like membrane
associated transports, regulation of the cell cycle, secretion or regulation of cell
motility too.
Typically, this interaction occurs at the inner leaflet of the cell membrane, for
which reason the Langmuir monolayer technique is suitable. Although monolayers
are unphysiological systems - their simplicity permits the access to structural infor-
mation. Hence, more detailed structural information on a molecular level can be
obtained, which is currently non-accessible under physiological conditions.
First, the structural arrangement of a mixed DPPC/PIP2 monolayer depending
on the presence of MARCKS (151-175) has been investigated by surface sensi-
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tive measurements. It was found that the polyvalently charged PIP2 molecules are
arranged in a uniform distribution in the disordered phase of the mixed monolayer,
caused by their repulsive interaction and the orientation of the PI(4, 5) group perpen-
dicular to the membrane interface. The distance of the PI(4, 5) group to the phos-
phodiester layer increases with increasing lateral monolayer pressure and amounts
up to 10 A˚at a lateral pressure of 30 mNm−1. Due to the enrichment of PIP2 in the
disordered phase, the interaction with MARCKS (151-175) occurs in this phase and
thus the lipid/peptide clusters are in this phase too. In addition, the partial insertion
of peptide in the monolayer causes an additional space requirement and leads to an
increase of the disordered part of the monolayer. The PI(4, 5) group of PIP2 is tilted
in direction the membrane interface by the interaction with the peptide to a distance
of 7 A˚ to the phosphodiester layer.
The knowledge about the additional space requirement of the monolayer due to
the peptide attachment has permitted the direct access to the myristoyl-electrostatic
switch. Due to the attachment/detachment cycle of the MARCKS peptide at the
monolayer, a periodic behavior in lateral direction was to be expected.
The change of the molecular area is correlated with the change in the lateral
pressure at constant area. The attachment of MARCKS peptide was indicated by
an increase of the lateral monolayer pressure with the time. Its detachment from
the monolayer was generated by PKC injection. After this initial detachment of
peptide, the lateral pressure increased again and it was possible to observe an oscil-
latory behavior of the lateral monolayer pressure depending on the concentration of
MARCKS peptide at the monolayer.
Based on experimental data, a mathematical model could be developed to ex-
plain this oscillatory behavior. This model considers the diffusion of the reaction
partners, MARCKS (151-175) unphosphorylated and phosphorylated, and PKC
through the subphase and the part of accessible PIP2 during the attachment/detach-
ment cycle. After the initial detachment of peptide by PKC injection, damped pres-
sure oscillation indicate a non-linear interaction. The model shows that the feedback
provided by nonlinear binding rates of peptide and PKC to the monolayer and the
coupling of the monolayer structure with the peptide concentration are the most
important ingredients for the oscillation.
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The presented work merges the electrostatic interaction of MARCKS (151-175)
with PIP2 with the development of a diffusion-reaction system. At first view, there
is no correlation between these both effects. However, the electrostatic attachment
of MARCKS peptide at the monolayer causes a change of the molecular area re-
quirement as well as the bond probability of peptide. The combination of these
both influences is new. Until now, reaction-diffusion systems were considered as
feedback loop of populations of reaction components. Here, the feedback loop is
the non-linear bond of peptide at the monolayer. It could be shown, that this is
an interplay of electrostatic interaction, the changing of bond probability and the
changing of the mean molecular area requirement which results in an oscillating
behavior of the lateral monolayer pressure.
6.2 Outlook
The bond probability of MARCKS decreases with the increasing number of se-
questered PIP2. The peptide saturation of the monolayer is attended by an increase
of the mean molecular area requirement, the detachment of MARCKS due to phos-
phorylation by PKC causes a decrease of the lateral pressure which in turn must
be attended by an decrease of the mean molecular area. All of these processes are
diffusion-limited, thus the interplay of local reactions and diffusion should lead to
pattern formation. By means of an open system, where the reaction components are
available at constant amount, this pattern formation can be visualized. As next step,
this could be experimentally realized by a flow chamber, wherein a tethered bilayer
is gently rinsed by a “subphase” with changing composition. This approach could
permit the possibility to mimic a natural pattern formation process.
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X-ray data
I
A. X-ray data
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Figure A.1: Normalized Fresnel reflectivity of DPPC with the fitted curve and the corresponding
electron density profiles at different lateral pressures
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Figure A.2: Normalized Fresnel reflectivity of DPPC/PIP2 mixture with the fitted curve and the
corresponding electron density profiles at different lateral pressures.
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Figure A.3: Normalized Fresnel reflectivity of DPPC/PIP2 mixture with MARCKS (151-175) in
the subphase with the fitted curve and the corresponding electron density profiles at different lateral
pressures.
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B. Attachment/detachment measurements of MARCKS (151-175)
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Figure B.1: Reference measurements. Neither the bare buffer/air (red) interface nor the pure DPPC
monolayer (blue) show a significant change in the lateral pressure at presence of MARCKS (151-
175) in the subphase.
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Figure B.2: Adsorption of MARCKS (151-175) at the DPPC/PIP2 monolayer depend on the pres-
ence of Ca2+ in the subphase. The presence of Ca2+ ions (blue) do not significantly change the
adsorption behavior of the peptide, merely the “saturation pressure” has a lower value. The lateral
pressure is quite constant over a long period of time.
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Figure B.3: Oscillation of lateral monolayer pressure after injection of different PKC amounts. The
arrow marks the injection.
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C. Symbols and abbreviations
Symbols
pi lateral pressure
γ surface tension
Alipid area per lipid molecule
αi incident angle
αf reflected angle
qz vertical component of wave vector transfer
qxy horizontal component of wave vector transfer
θ scattering angle
k = 2pi/λ wave vector
λ wave length
ρ electron density
R reflectivity
RF Fresnel reflectivity
σ surface roughness
σint intrinsic surface roughness, accounts thermal disorder within the monolayer
σcw global surface roughness, accounts for capillary waves at the surface
z surface normal
dch lipid chain length
zGC position of the glycerol/carbonyl fragment
zph1 distance of the phosphodiester group to interface
zN distance of the choline group to phosphodiester group
zph2 distance of the PI(4,5) group to interface
φ tilt angle of the lipid chains
X
Abbreviations
CLSM confocal laser scanning microscope
ME-switch myristoyl-electrostatic switch
MARCKS myristoylated alanine-rich C kinase substrate
MARCKS (151-175) effector domain of MARCKS, contains of 25 amino acids
ED effector domain
PIP2 1,2-Dipalmitoylphosphatidylinositol 4,5 - bisphosphate
IP3 inositol 1,4,5 - triphophate
DAG diacyl glycerol
DPPC 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
DPPC-d75 1,2-Dipalmitoyl-D62-sn-Glycero-3-Phosphocholine-
1,1,2,2-D4-N,N,N-trimethyl-D9
PKC protein kinase C
ATP adenosine triphosphate
PLC phospholipase C
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